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PREFACE 


1'he: purpose of this text is to present the principles of 
engineering thermodynamics in the simplest fashion, and 
to illuminate these conceptions by reference to the best 
Ihitisli and American ])ractice in the major fields of their 
ap])licalion. In tlit' selc'ction (jf examples for illustration 
stress has been laid on n‘cent dt‘velopments likc^ly to 
make a strong imaginative appeal on account of their 
unnsnal interest, 

I'hc standard of the work is that which is characteristic 
of University degree rcciuirements on both sides of the 
Atlantic, and it is hoped that there will be a welcome 
both in America and Great Ih'itain. 

Jh)th as a student and teacher, the author is indebted 
to Sir J. A. liwing’s lucid exposition of this subject. 
I'banks arc also due to Professor William j. Goudie 
for suggestions in reference to the determination of the 
resultant pressure on turbine blading ; to the American 
Sociedy of M(‘clianical luigineers and the Institution of 
Mechanical Engineers, London, for permission to use 
information contained in original j>ap(‘rs by mt^mbci's ; and 
to the various linns who have readily sn|)])li(‘(l infonnalioii 
('oneerniiig tli(‘ir products. Mr. J. ('. MacLagan, desigiaa' 
of tlie North Lritisli doulde-acding tvvo-cy('.l{* Dies^d 
c‘ngiiie, and his firm were particularly lHdj)fiil in this 
r(‘S])cet. 


Univkksity of Vik(Unia 
Jmtt' 
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GENERAL THERMODYNAMICS 


The science of thermodynamics, from the point of view 
of the engineer, is concerned with the transformation of 
energy in the form of heat into mechanical work, and 
with the transfer of heat from one body to another. 

Machines which give out work as a result of the 
application of heat to their working substance are termed 
heat engines, while those which cause a transference of 
heat from a body, thereby rendering it colder than its 
surroundings, are called refrigerating machines. 

Nature of Heat. — It becomes important, therefore, 
to inquire into the nature of heat and its relation to 
matter, before giving consideration to the means whereby 
the stores of heat energy which exist in coal and oil are 
turned to useful account. 

Heat used to be considered a subtle fluid permeating 
the interstices of matter. A body was hot or cold accord- 
ing to whether an excess or deficiency of caloric, as this 
fluid was called, was present. It is now definitely known 
that heat is molecular kinetic energy in a communicable 
form. 

Application of the Kinetic Theory of Heat to a 
Gas. The gaseous working substance of a lieat engine 
consists of a vast number of molecules darting hither and 
thither at random, tlie course and velocity of each being 
determined by encounter with its neighbours. 

Between eaeli encounter the free path (as it is termed) 
may be said to be a straight line, and the molecule to 
move with uniform velocity. We shall find it convenient 
to assume that this free path, in tlie case of a gas, is very 
lartre comnared willi the. dimensions of the molecule, and 
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that the proportion of time taken by encounters _ is 
negligible. The energy possessed by a gas, and which 
may be communicated to other bodies either as a whole 
(mechanical energy) or as energy of the constituent 
particles (heat energy), consists of : 

(1) Energy of translation of the molecule ; 

(2) Energy of rotation of the molecule ; 

(3) Energy of vibration of the atoms composing the 

molecule ; and 

(4) Energy of vibration of the constituent parts of 

the atom. 

(i) and (2) are the most important ; (3) becomes of 
greater importance as the temperature rises ; while (4) i.s 
of small consequence even at high temperatures. 

Pressure of a Gas. — Consider any sunple gas, such as 
oxygen. All the molecules will be of the same weight 
w, let us say. 

If there are N molecules per cubic foot, the density of 
the gas is wN, and the volume per unit mass is i /wN. With 
the simple assumptions already suggested in reference to 
what we may term an ideal gas, we shall be able to deduct; 
an important relation between the pressure exerted by 
the gas, its specific volume, and the temperature. 

The pressure P, say, in pounds per square foot, which 
a gas exerts is due to the molecular bombardment of the 
walls of the containing vessel. In order to determine tlic 
magnitude of this pressure we may proceed as follows. 
Consider any flat area of the surface in contact with the 
walls, and let the motions of the molecules near it lx; 
resolved along three axes at right angles : at any givi'ii 
instant only those molecules having velocity comiH)iu'nts 
in the direction of the wall will produce any efCcct. Sucli 
velocity components, on the encounter of the molecule, 
will be reversed, and the total change of velocity will lx; 
twice the magnitude of the original velocity component. 
We have to remember, in our dealings with the laws 
relating to gases, that they are statistical statements, 
and we must agree to the view that if a finite volume, 
such as a cubic foot, be considered, the number of 
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molecules which behave in a particular manner will bo 
the same as in any other cubic foot. 

Consider, then, the film of gas i square foot in cross- 
section and of a foot thick, d being very small. In 
such a film, at any instant, we should have a certain 
number n of molecules having components of velocity 
normal to the wtill equal to feet per second, and since 
the total number of molecules is very largo, and motion 
takes place indifferently in all directions, we shall have 
an equal number moving in the opposite direction at 
~ feet per second. Let t be the time taken by a 
molecule moving at to traverse the film, without an 
encounter. Then the number of blows delivered per the 
time t, by molecules of the group under consideration, 
will be equal to n, if encounters be neglected, or if the 
effect of such be negligible. In order to determine the 
pressure applied by the rapid molecular flow of the 
selected group through the film, consider the analogous 
case of a stream of water directed upon a semicircular vane. 

The mass = wn, and the acceleration = 

Therefore the pressure P. = 

gt 

Again, d being the thickness of the film, and I the time 

to traverse it, , 

d 

= V, . 

t 

Further, if we think of the flat films that go to make 
up r cubic foot, 

T' “ 

the total number of molecules in r cubic foot having' 
comj)oneiits of + Vj.^ and “■ v,.^. For in each film tliere 
are 'Zn such molecules, and each film being d of a foot 
thick we o!)tain the relation already given. 

]^y substitution, 1^, the pressure due to tlu' group 
under consideration, 

V, avNpg 

^ ^ ZV, ^ 

'"d g 
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The total pressure P = + Pg -[- P 3 4" • • • ^4o.. 

(•vT ■> , -KT 0 , -XT ■> j I i 

= H- Naw*; + Ngj),- . . . etc. j ■ 

o o 

where N is the total number of molecules per unit of 
volume, and v/ is the average of etc. 

Now consider the relation between the actual velocity 
of the molecule and its components resolved along 
three perpendicular axes, x, y, and 2 . In the xy i)laiu! 
let the projection of the actual velocity v be 

Then = vj^ + ?;/, 

But = Vj^ -b 

= v/ -h y/ -I- 

Since the gas as a whole is at rest, 
w/ == v/ = w/, 
and therefore d® = 

V is not, obviously, the average molecular velocity, but 
is the velocity which a molecule having average kinetic 
energy would possess. Hence we arrive at the ecpiatiou 

p _ |wNiy® 

S 

Relation of Pressure, Specific Volume, ami 
Molecular Kinetic Energy .—Since ?&N is the mass 
of the gas per cubic foot, the numl)er of cnl)ic feel ])er 

pound is given by — . 

5®N 

Therefore we have PV = where P is in liounds pet- 

square foot, and V is in cubic feet jx-r itoimd. 

Temperature. — It now becomes nei'essttry to con- 
sider what we mean by the word ' tcnqtcrature.'' Broadly, 
the term is associated with the idea of How of lieat. Wt- 
say that if one body be at a liiglier tempendnre (liaii 
another, heat will tend to pass from one to tlu' olhcr, 
until both are at the same tempcrattire. 

We measure the magnitude of this tendency ]y noting 
the expansion of mercury, say, referred to such standard 
conditions as the temperature of melting ice, and tin- 
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boiling-point of water, under atmospheric pressure. We 
luay, and do use, for this purpose, hydrogen and other 
so-called permanent gases, which are far removed from 
their points of liquefaction. 

By maintaining the pressure constant, changes in 
volume caused by change in temperature may be noted, 
and some scale adopted by general agi'eement. The 
results obtained by the use of such gas thermometers 
agree very closely amongst themselves, and also, but less 
exactly, with the scale of the mercury thermometer. 

Absolute Temperature. — ^Taking again the equation 

PV = 

s 

it becomes apparent that, for the ideal gas we have had 
under consideration, the tempci'ature, reckoned from the 
point where V would become zero (were the linear i^elation 
of volume and temperature to hold), is proportional to 
the kinetic energy of translation of the molecule, i.e. 
oc T. 

We have therefore passed from a measure of tempera- 
ture which depends upon the expansive properties of 
some particular substance to a conception of this quantity 
based upon the amount of energy of translation possessed 
by the molecules of the ideal gas. 

Boyle’s Law. — From the above fundamental 
equations we notice that if the average kinetic energy 
of translation of the molecule remains constant, the 
product of pressure and volume remains constant. This 
is strictly true only of the ideal or perfect gas, and is 
not exactly true of the permanent gases, while vapours 
or gases near their point of liquefaction depart widely 
from it. That this is to be expected may be realized 
fi'om a consideration of the postulates upon which the 
equation relating pressure, volume, and molecular kinetic 
cnei'gy is built. 

Not only are the dimensions of the molecule suppersed 
to be inconsiderable compared with the free path, but 
the time occupied by an encounter is supposed to be 
negligible. If these quantities cannot be neglected, and 
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encounters occur between molecules whose dimensions 
are appreciable, the effect of such encounters might be 
to produce a more rapid bombardment of the walls of 
the containing vessel ; in this case the pressure would 
be greater, unless this effect were more than counter- 
balanced by loss of time caused by association during 
encounters. 

Charles’ Law. — ^The experimental fact that actual 
gases obey the law V cc T when P is constant, is known a,s 
Charles’ Law. It follows from our conception of tcunpera- 
ture already developed, that the perfect gas obeys this 
law exactly. The permanent gases, notably hydrogen, 
follow ij very closely, the correction to be applied to a 
gas thermometer of the constant pressure type, using 
hydrogen, being of the order of onc-sixth of a degree 
when the temperature has risen to 1800 deg. Fahr., or 
fallen as low as — 250 deg. Fahr. 

Avogadro’s Law. — In equal volumes of different 
gases at the same temperature and pressure, we have tlus 
same number of molecules. 

Considering two gases at the same pressure P, 

~ g g 

Now Maxwell has shown that if tw(j gases I)e at; the 
same temperature, the average kinetic energy of the 
molecule in each is the same. 

Hence 

g g 

Ni=N2, 

Dalton’s Law. — The partial pressun; due to tlie 
presence of each constituent gas of a mixture is tlu; sain<; 
as though the other gases were not present. 

If the conditions in the mixture are such as we liave 
already imagined in the case of the perfect gas, tlien the. 
total pressure P = P^ -j- p^ 

i.e. = I 

g g 


. . etc. 



APPLIED TO ENGINEERING 


7 

the total pressure being simply the sum of the pressure 
due to each gas separately. 

Joule’s Law. — It was shown experimentally by 
Joule that if a certain quantity of gas contained in one 
chamber were allowed to expand into another which was 
empty, without, on the whole, doing any external work, 
no change in temperature could be detected. Precautions 
were, of course, taken to prevent the influence of heat 
transfer from the gas to its surroundings, (or vice versa,) 
affecting the result. This might be deduced from the 
considerations governing the behaviour of a perfect gas, 
but could not be assumed in the case of an actual gas, 
since an appreciable amount of energy might be absorbed 
in doing work against intermolecular forces during the 
change in volume. 

Experiments by Joule and Thomson, using compara- 
tively large quantities of air and other gases which were 
caused to expand from one chamber to another by passing 
them through a porous plug, showed that a small change 
in temperature actually did take place, and was in general 
a cooling at ordinary temperatures. Inversion, however, 
of this effect takes place at high temperatures in most 
gases, the gas becoming warmer after passing the plug. 
The temperature of inversion in the case of hydrogen is 
so low that the normal effect of throttling is a slight 
warming. As a result of these observations Joule 
established the law which is known by his name : 

' When a gas expands without doing external 
work and without taking in or giving out heat, and 
therefore without changing its stock of internal 
energy, its temperature does not change.' 

Molecular Kinetic Energy of Translation.- An 

indication has ))cen given that the m(3lecule may possess 
communicable energy in various forms. We shall now 
endeavour to form some idea of their relative magnitude 
in different gases. 

Taking again the equation 

g 
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we observe that since the translational energy of a 
number of molecules totalling unit mass, is eqtial to , 

it therefore follows that PV = fE„. 

Now we have already seen that oc T. 

Let, then, = RT, 

i 

R being a constant depending upon the pioperties of 
the gas and the units employed to measure mass, space, 
time, and temperature. 

Hence PV = RT. 

This is the fundamental equation relating to gases. 

Thus also, Eir = -f RT. V'hen the units are feed', 
pounds, and seconds, the translational energy is given in 
foot-pounds per pound. 

The Specific Heats of a Gas.-^The speciiic lu'at 
of a substance is defined as the amount of heat necessary 
to raise its temperature one degree under specified ('.on- 
ditions, and per unit mass. In the case of a gas there arc 
two important methods of measuring the .speciiic heat, 
namely, (i) at constant volume, C„ ; (z) at constant 
pressure, C^. 

In the first case, since the volume docs not change, 
no external work is done and all the heat added goes 
to increase the stock of internal energy of the g;us. In 
case (z) external work is done, and as a consequciux; of 
Joule’s law, and, of course, of the princijfie of the! con- 
servation of energy already implicitly assumed, llui 
difference between Cp and C„ gives a measure of this 
external work. 

Ratio of Specific Heats of a Monatomic Cias. 

Suppose that we now consider a monatomic', gas whose 
atoms are incapable of either receiving or communicating 
kinetic energy of rotation. I hen the whole c.ommnnicahlc; 
energy possessed by such a gas would consist of enc'i-gy of 
translation of the atoms ; and thus K,,. would equal 
E/o/, the total internal energy. 

The change of internal energy, depending as it does 
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only upon the temperature, for any given temperature 
change, would be 

E,„,-E,,,. = |-R(Ti-T2), 

consistency of units being carefully observed. For in- 
stance, if Ti and Tg are in degrees Fahr., and R is the 
appropriate constant for the gas under consideration, then 
and E,^,, would be expressed in units of mechanical 
work. 

Per degree rise in temperature the change iir internal 
energy is therefore f R. 

This, by definition, is C„, since, when the volume of 
a gas remains constant, no external work is done, and 
all the heat added goes to increase the stock of internal 
energy. 

Now R is also a measure of the external work done 
when unit mass of a gas is heated under constant pressure 
through one degree. 

For PVi = RTi, 

and PVa = RT,. 

P(Vx-V,) = R(Ti-T,,); 

that is, R is a measure of the work done (in foot-pounds, 
say) per degree rise in temperature. 

Thus q, = C„ -h R 

= |R H- R 

-m ■ 

and = I -667. 

Cy 

Jtxpcrimciits upon monatomic gases, such as argon 
and liclium, indicate that our assumptions are very 
approximately applicable to the case of actual gases. 

Ratio of Specific Heats of a Diatomic Gas.— As 
in the case of the monatomic gas, the diatomic moleciiJe 
has three degrees of freedom of translation; that is, its 
velocity in any particular direction may be completely 
defined by reference to three mutually perpendicular axes. 
We may reasonably infer that in any quantity of gas to 
which our statistical methods are applicable, the total 
translational energy may be divided into three equal parts. 
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each equal to |RT. Now, in addition to these three 
degrees of freedom of translation, the molecule may have 
energy of rotation about any one of three mutually 
perpendicular axes. 

Rotation, however, about an axis through the atomic 
centres would, let us imagine, have no effect cither in 
transmitting or receiving energy of rotation. Suppo.se 
we divide the total kinetic energy equally among.st the 
five effective degrees of freedom, then 


and 


= |RT 
C, = |R + R 
C. ^ . 


This figure is found to agree fairly closely with 
observed values of y, the ratio of the .specific heats for 
diatomic gases, such as air, hydrogen, etc., at normal 
temperatures. While the ratio between the translational 
and rotational energies remains constant, communicable 
energy in the form of relative vibration of the constituents 
of the molecule accounts for the observed increase in the 
specific heats with increase in temperature. 

Suppose, for instance, that at a given temperature 
had increased from f RT its value at normal tem- 
perature to l-RTi -1- mRTi, due to the increase in vibralory 
motion. 


Then y would be equal to ^ 

+ ^^R .5-1- '-ini' 

which shows that while the difference between the. spoeilu'. 
heats would remain constant, their magnitudes woukl 
increase and their ratio be reduced. 


Ratio of Specific Heats of a Triatomic Gas. rhe 

values of the specific heats for triatomic and other gas(;s 
having more than three atoms per molecule! may l)e 
similarly calculated, but with results which conq>are less 
exactly with observation. 


This doubtless indicates that even at normal temiiera- 
tures an appreciable part of the total kinetic emrgy 
exists as energy of vibration of the atemis amongst 
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themselves and as relative movements of the constituents 
of the atom. 

The Transformation of Heat Energy into 
Mechanical Work. — We shall now consider means of 
calculating transfers of energy from the molecule to the 
group, and the nature of the action which takes place 
when the disordered motion of the molecules is trans- 
formed into the ordered motion of, say, the piston and 
associated linkage of an engine. If the piston of an engine 
cylinder con- 
taining a gas 
under lorcssurc 
1)0 not station- 
ary but move, 
w^ork is done, 
for, during every 
encounter of a 
molecule with 
the piston face, 
the two move 
together and the 
molecule recoils 
with diminished 
kinetic energy. 

Thus when a 
gas is allowed 
to expand without receiving heat from any external 
source its temperature falls, and this, we know, is an 
indication of the loss of molecular kinetic energy. 

Under such circumstances, and supposing that no 
energy in the foim of heat is lost by the gas, let the 
pressure of unit mass of a, givaai gas be plotted against 
its volume as abscissae. 

1 'hcn, in order to simjdify oiir ideas, imagine that 
the containing cylinder has a, cross-sectional area ol 
1 square foot. Clearly, the work clone while the piston 
moves SV fool is VSV. 

Now VW 

work done — loss of If/,, 



Fro. I. — Work done during Adiabatic 
Expansion of a Gas. 


l.C. 
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As already shown, = C„ST. 
Also, 

Therefore in the limit, 

- CAT 


PSV = ^ 8V. 


RT<fV 


Therefore also — C* log, 


since 


R = 


^ log, {C„ - 

c, - c;. 

V. 


or 


T log. 


Vi 


log = - log/=* 


Now 


and 


Vi 

p,Vi = RTi 
P.Va = RTa 
PiiV, _ T, 


PiVx 

lOge + log, = 

Jr 1 Vi 

Adding («) and (b) together. 


and 


Ti 

log, 


1 P 2 , T Va 

log, p* + T log« ^ 




p 
p. 
PiVj 




{a) 


il>) 


olc. 


This indicates that under the conditions which we have 
supposed, the gas follows a law of the form PV'' eciuals a 
constant, n having a numerical value equal to the ratio 
of the specific heats. We may, for the sake of simplifying 
what follows, make the assumption that the molc('ules 
of the perfect gas are capable of possessing energy of 
rotation and translation only. If (as already suggested) 
there is an equipartition of energy amongst the various 
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degrees of freedom of which the molecule is capable, then 
C„ is constant, and so also is Cp, since R is constant for 
a perfect gas, and the ratio of the specific heats is constant 
and independent of the temperature. 

With this proviso we may apply the equation relating 
the pressure and volume of a perfect gas which is expanding 
and doing work at the expense of its internal energy, to 
the calculation of the total amount of heat turned into 
mechanical work between any assigned limits. 

rVa P V ’’’ 

Work done = FdV and P = 

j Vi ^ 

l-Y 

_ PaVa"' Va^-'' - PWi" 

“ I - Y 

^ - FjV, 

Y-i 

Since we are dealing with unit mass of the gas, this 
equation gives the work done in foot-pounds per pound. 

For any other mass of gas the appropriate values of 
Vi and Va would be substituted. 

Adiabatic Expansion. — ^Such a mode of cxpan.sion 
(or compression) as above outlined, in which all the work 
done by, or upon, the ga.s decreases (or incrcasc.s) its total 
stock of internal energy, inaic being allowed to pass 
through the walls of tlie containing vessel in the form of 
heat or to return to the gas through eddy motion, is 
known as an adiabatic procc.ss. 

A gas may, of cour.se, expand in an infinite number of 
ways, dcpcntling upon the extent of the interchange of 
heat. We have just dealt with that case in which there 
is no interchange, the gas expanding and doing work at 
the expen.se of its internal energy. In the other important 
mode the temperature does not change, all the work 
being done at the expense of the heat added during 
expansion. This is known as an 
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Isothermal Expansion. — Since the gas will, there- 
fore, obey Boyle’s law, PV equals a constant and the 
work done is as before — 


V, 

Vx 


PiVxlog,|l 


V, 


This may also be written in the form RTj log, y 


Before proceeding to consider how the work done by 
an expanding gas may be turned to useful account in 
some form of engine, it will be necessary to make two 
important observations, one of which is a particular case 
of the principle of the conservation of energy ; while the 
other denies the possibility of causing heat to pass from 
one body to another at a higher temperature without 
the interveirtion of some form of power-driven machine. 
These are known as the laws of thermod5namics. 

The First Law of Thermodynamics.— When 
mechanical energy is produced from heat a definite 
quantity of heat goes out of existence for every unit of 
work done, and vice versa. 

The Second Law of Thermodynamics.- It is 
impossible for a self-acting machine, unaided by any 
external agency, to convey heat from one body to another 
at a higher temperature. 

No exception to these laws has, so far, been discovcjred, 
and they rank with the other primary concepts concerning 
the universe which have been established by experience. 
As far as the First Law is concerned, there is no reason why 
the total amount of heat possessed by a body should not 
be turned into mechanical work. The Second Law, how- 
ever, sets a definite limit to the efficiency of a heat engim; 
working under assumed conditions, and enaliles us to set 
up a standard by which the pei-formance of actiud heat 
engines may be compared. 

Action of a Heat Engine. — Essentially in all heat 
engines the working substance, which may be a gas, a 
mixture of a vapour and its liquid, or even a solid body 
(such as a bar of steel or copper), passes through a cycle 
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of operations, which consists in the taking in of heat, 
the transformation of a proportion into mechanical work, 
and the rejection of the remainder. At the end of the 
cyclic process the working substance is in exactly the 
same condition as at the commencement. 

Our immediate objective is to discover in what manner 
we can obtain a maximum amount of work for a given 
expenditure of heat under assigned conditions. 

Conditions of Maximum Efficiency. — Suppose wc 
have two engines A and B (fig. 2 ), one of which, A, is 
reversible, that is to say, will work as a heat pump when 
supplied with 
power by B. 

In oi'der to free 
the argument from 
all extraneous 
issues, let there be 
no heat or other 
losses in the pro- 
cess. Then in one 
cyclic action A 
takes Q units of 
heat, transforms 
a part W into 
mechanical work 
and rejects Q-W units to the receiver. 

When reversed, Q~W units of heat are taken from the 
receiver, and O units are delivered to the source H. 
Both sotina^ a.nd receiver are supposed to have large 
ca.pacities for lu‘at such that tlio withdrawal or addition 
of ([iiaiitities of the magnitude considered has no effect 
U])()n the temperatures 'I'x and T^. 

bi driving A, since friction is neglected, l-> delivers W 
units of heat in the form of mccluinical work. Now, if 
it were ])ossil)le for B to be more cilicient than A, the 
net result would obviously be that the source II would, on 
llic wliole, gain lieat at tlie expense of C, the cool body, 
'riiis, however, would constitute a violation of the vSecond 
Law, and hence we are forced to the coiiclusion that no 
licat engine can have a greater efliciencv thmi n 
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engine when both work between the same limits of 
temperature. 

As win be shown immediately, the measure of this 


ideal efficiency is given by 


Ti 


T, 


T, 


in which I'l is the 


absolute temperature of the working substance during 
the reception of heat, and T2 is the absolute temperature 
of the working substance during the rejection of heat. 

Carnot’s Cycle. — Just over a hundred years ago 
Sadi Camot pointed out that a reversible engine had the 
maximum attainable efficiency, and explained how such 
an engine might be made to work if certain simple con- 
ditions were assumed. Camot, however, was unaware of 
the principle of the conservation of energy, and honce; 
was unable to tell what the efficiency was. In order to 
calculate it we may imagine an engine which follows 
Carnot’s cycle and which is reversible in the sense in 
which he understood it. 


Let unit mass of a perfect gas be enclosed in a per- 
fectly non-conducting cylinder fitted with a frictionlcss 
non-conducting piston. Let there be also supplied a warm 
body having such a large capacity for heat in coinjiarison 
with the working substance during expansion that an 
infinitesimal drop in temperature only takes place : a 
cold body similarly of large capacity, aird a non-conduct- 
ing cylinder cover, any one of which may be apjdicd to 
the cyUnder end, supposedly of conducting material. Tim 
action then proceeds as follows : 

In the first stage the gas expands isotherniidly, in 
contact with the source of heat at i'j until the point (ii) 
is reached (fig. 3). 

Since the temperature of the gas, which is pt'rfcci, 
remains constant, the internal energy also is coiislanl. 
Hence aU the work which is done, is done at the o.xi)cnsc 
of the heat added, viz. : 


-•v. 


PdV = RT, log, r. 

j V, 

In the second stage the gas expands adiabatically from 
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Ti to Tg, the non-conducting cover being in place on the 
cylinder end. 

Stage 3 is similar to stage i, the gas rejecting heat, 
however, to the receiver, instead of receiving it. Stage 4 
is an adiabatic compression which restores the gas to its 
oiiginal condition. It may be noted that the isothermal 
compression of stage 3 must be stopped at the appro- 
priate point in order that the adiabatic through (iv) may 
pass through (i). 

Now such a cycle is reversible, since it is only necessary 



to think of the temperature during the isothermal ex- 
pansion from (iv) to (iii) as being less by an infinitesimal 
(juantity than the cold body (instead of greater), so that 
heat will How in the opposite direction, and slightly greater 
(instead of less) during the isothermal compression from 
(ii) to (i) than the warm body, so that the heat may 
be delivered. The adiabatics, of course, arc reversible 
for a perfect gas, which is supposed to be expanding 
so slowly that no losses occur through friction or eddy 
motion. 

The total work done during the four stages is given by 


,,,, , V, P,V,-P3V3 ^ , V. P,V, 

PiV , log.y ^ - 1 - ^ ^ -h P,.,V , log,^ ^ 4 - ^ 


PiVi 
- 1 
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F,Yy=.p,Yy 
PiVx =P2V,. 

P.V.. 


and similarly P3V3 : 

•“ (r-©- 


andPiVi'' = 

’■ Pi" 

Pa 

•• l\' 

V3 
Vi 


= P,V/; 

Vx. 

'V3' 

V. 

V3 

V, 


f say. 


Adding up these four terms we have, for the not work clone, 
PiVi log/ — P2V2 log/, and thus the efficiency becomes 
PiVi log/ - P3V3 log/ RTi log/ - RT3 log/ 
PiVxlog/ - - ^ RTxlog/ 

_ Tx - T 3 
“ Tx 

Lord Kelvin’s Scale of Absolute Temperature. — 

Imagine a series of Carnot engines, each of which gives 
out W units of work. Let number one take in Q units 
from the source at T^, and reject the balance of the heat 
to engine number two at Tg ; these temperatures being 
defined by reference to the perfect gas used as the working 
substance. Let now number two take in heat at T2 and 
reject at T3, and so on. 

OfT — T 1 

Then number one does NLA — units of work (if, 

of course, the heat taken in is expressed in work units) 

( 

Number two takes in 

1 1 


and rejects units. 

T, 


units and does units of work. vSince, l)y 

Tx Ta 

arrangement, 

Q(Tx-3) _ Q(T2-T3) 

Tx “ 1\ 

T, - Ta = Ta - T3 = T3 - T^ . . . etc. 


We have here, therefore, a new conception of tempera- 
ture which does not depend upon the properties of any 
substance whatsoever, but which is based upon the unit 
of work. 
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Further, the intervals of temperature so defined by 
reference to a certain quantity of work are equal to the 
corresponding intervals upon the scale of the perfect gas 
thermometer. This is known as Lord Kelvin’s scale. 

Entropy. — ^The consideration of the Carnot cycle, and 
the resulting information we have gathered respecting 
the availability of the heat content of a substance for 
conversion into work, lead us to the idea of entropy. 
This is a function of the state of the substance, changes 
being measured by the ratio of quantity of heat entering 
or leaving the body during a reversible process to the 
absolute temperature at which such transfer took place. 
The substance may not only change its entropy, due to 
the addition or abstraction of heat from the outside, but 
any irreversible action, causing a transformation from 
ordered to disordered motion of the constituents of the 
body due to friction and eddy motion, causes a change. 

Thus, for example, in the Carnot cycle, if Q units of 

heat are added at T^, then ^ gives a measure of the change 

of entropy suffered by the working substance during the 
isothermal expansion. It is to be particularly observed 
that while the internal energy of the perfect gas which 
constitutes the working substance remains constant in 
the first stage, the departure of a quantity of mechanical 
work exactly equivalent to the heat taken in produces 
no entropy cliange. 

units of heat arc rejected in the third stage, 
A 1 

then the change of entropy is as above. 

During the two adiabatic processes, which are sup- 
posedly reversildc, no change of entropy takes place, 
since no heat is allowed either to enter or leave the gas. 
We observe, therefore, that in the reversible cyclic process 
of Carnot the total change of entropy is zero, if the 
appropriate signs be considered. This is true of all rever- 
sible cycles. For in any cycle which is not reversible 
the substance will absorb heat due to internal actions, 
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of which no account has been taken in the estimation 
of entropy changes. Hence the summation will give a 
negative result due to the rejection of heat foimcrly 
appearing as ordered motion. 

Temperature -Entropy Diagrams. — It is oftem 
found convenient to represent the relationship between 
the temperature and entropy of a substance in the form 
of a diagram drawn between rectangular co-ordinates. 

With such an arrangement the Carnot cycle would 
take the form of a simple rectangle. 

If the temperature of the substance varied during the 



Fig. 4. — Temperature-Entropy Diagrani.s. 


transfer of heat, then in order to determine the entropy 
change we should have a summation of the form 



where a = specific heat of the substance, and the nnsulting 
curve would be logarithmic. 

Since ^ T == dQy therefore the area of the thin verti- 
cal strip of the T(/> figure is a measure of the Iu‘at added 
from outside, in those cases where no irrcvensible a('.ti()n 
has taken place. 

The sum of these quantities, represented by the wholt' 
area under the curve, gives the total heat so added. In 
any cyclic process, therefore, involving only reversililt^ 
actions, the enclosed area, representing as it does tlui 
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difference between the heat added and the heat rejected, 
indicates, to some scale, the work done. 

Actual Engine Cycles having a Gas as the Work- 
ing Substance. — We are now in a position to consider 
a few actual heat-engine cycles using a gas, or rather a 
mixture of gases, as the working..substance. In such cases 
the heat is not, in general, added from the outside, but is 
generated within the 
substance itself by com- 
bustion of certain of its 
constituents. 

This makes no essen- 
tial difference to the 
discussion, and while 
chemical changes take 
place, thus rendering 
the process not strictly 
cyclic, the ordinary gas 
or ’Diesel engine is, in 
the main, a nitrogen 
motor. 

Stirling’s Re- 
generative Cycle . — 

One of the earliest at- 
tempts to reproduce a 
reversible cycle practi- T 
cally is due to Robert 
Stirling (1827). His 
design included a device 
known as a regenerator, 
which in more I'ccent 5.- Kcgcuerativo (!ycle. 

applications of this 

principle consists of a nest of brickwork, having a tempera- 
ture gradient along the path of the gases. F or our present 
puiposc it may suflicc to think of it as being composed of 
a group of tubes maintained at at one end, andTg 
the other, with a continuous fall in temperature between. 

The action permitted an isothermal expansion of the 
gas at Ti (the temperature of the furnace), followed next 
by a passage through the regenerator frmn T. tn 
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the working substance parted with heat to the walls of 
the tubes at constant volume. Ideally, this latter process 
would be reversible, since the temperature of the gas 
■might be supposed to differ by an infinitesimal quantity 
from that of the tubes at any point. The third stage 
was an isothermal compression of the same ratio as the 
expansion, and the fourth a heating at constant volunui 
in the regenerator from Ta to Tj. 

The pressure-volume diagram is as shown, and tliC! 
efficiency is given by 

RTi log/ - RTa log/ ^ Tj - Tg 
Rf 1 log/ Ti ’ 

since the heat taken from the regenerator is cciual to that 
restored. 

The temperature-entropy diagram woxild have tlu; 
form indicated. It is interesting to observe that though 
all of the heat received is not added at the maximum 
temperature, that portion which is used is so added, all 
the heat absorbed at rising temperature being returned to 
the regenerator. 

Constant Pressure Cycle.— For practical reasons, 
gas-engines in the main do not follow cycles which are 
even approximately reversible in the Carnot sense. We 
may usefully make comparison of a few in common tisc:, 
noting their divergence from the foregoing. For the sake; 
of simplicity, let the working substance in each case be 
air, attributing to it the characteristics of a perfect gas. 

Consider, then, that case in which the cycle is bounded 
by two adiabatics and two lines of constant pn'ssure. 

Fuel, it may be imagined, is admitted at stich a rate; 
as to keep the pressure constant from (i) to (ii). Ileiux! 
the temperature will rise during combustion, and all of 
the heat will be added less advantageously than if it 
were communicated wholly at the highest temperatur<! 
reached. It is important to realise that actually (as well 
as ideally) the expansion of the gas is due to the addition 
of heat and consequent rise in temperatun*. 'I'Ik! gas 
during this stage obeys Charles' law. After cut-off 
of the fuel supply the gas expands adiabatically to 



APPLIED TO ENGINEERING 


23 

atmospheric pressure, let us say. This might be carried 
out in the cylinder of an engine, but (since expansion is 
complete) more readily in the nozzle of the gas-turbine. 

The stage (iii) (iv) is a cooling at constant pressure 
which, in the actual engine, takes place in the atmosphere. 

A fresh charge of air is then compressed adiabatically 
from (iv) to (i), and this completes the cycle. 



The ideal efficiency is given by 


C„ (T, - T,) - C„ (T., - T,) 
(T., - T,) 


Now 

Al.so 

.since 


Let 


T3 - 

T, - 


T, 

'I'l 


s-O’" 


P,V," P„V/ and 

1\ = Pg and P;j P4, 


Vi 

V, 


n,- 

V3 V, 


V. 

v; 


^ . l)c called r. 
y 2 ''1 
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Then 

Hence efficiency 


thermodynamics 


'L3 

T^ Ti - \rj 




Fig. 7. — ^Temperature - Entropy 
Diagram for Constant Pressure 
Cycle. 


The temperatnre-entropy 
diagram has the shape 
sketched. 

Constant Volume 
Cycle. — This is the ideal 
standard for the ordinary 
petrol and other engine's 
of similar type. The I’V 
diagram is shown in fig. «. 

Compression of the 
chaigc occurs between (iii) 
and (iv), followed by ignition 
and the addition of heat at 


constant volume. As in the constant pressure cycle, the 
temperature rises continuously and there is a progre.ssive 



increase in the availability of the heat energy .so added. 
If we assume the specific heat at constant volume to be 
constant, the efficiency is given by 
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C„ CI\ - T4) - c„ (T2 

C.(1\-T4) 


Tx -T4 


T2 „ /VAv-‘ . 
Tx “ VvJ 

T4 1\ \rj 


and since = V4 and Vg = Vg 




Hence efficiency 


Va^Vg 


as in the constant 


pressure cycle. 

The temperature-entropy diagram also is similar in 
form to that of the constant pres- 
sure cycle, the constant volume ^ ^ 
curves, however, having a greater n 
slope. \ 

Diesel Engine Cycle. — This \ 

is a modification of the constant ^ \ \ 

pressure type. It has the advan- \ \ 

tage over the constant volume \ 

cycle of rendering practical a much 

larger ratio of compression ; hence •~| rr 

both the temperature at the com- 
mencement of combustion on the 9.-^O^escl Engine 

admission of the fuel and the 

maximum temperature reached arc higher. The thermo- 
dynamic efficiency is therefore greater. 

The following analysis, on the air standard, may serve 
to indicate the infiiicncc of the ratios of compression and 
expansion, during combustion, upon the efficiency. 

The lu‘a,t taken in Cy, (Tg — T^). 

I'lie heat rejected -- (>,, (T.^ — T^). 


Tile efficiency 


C., ('1';, - I'x) 

C', (T^ - '1',) 

(I'a - T4) 

rCn-T,)- 


T.> VvJ T, \vj 


26 


THERMODYNAMICS 


Hence the efficiency becomes 

r (T. - T,) 

Now, since the gas obeys Charles’ law in the stage (i) to (ii) 


Vi Ti 


and thus the efficiency 


V, /V.y-' _ /V^Y'^ 
giving X - ^ 

^ (vj V 

Call ¥3= ¥4, V^; then, dividing niimeratoi' and 

/v 

nominator of the second term by ( ) wc have 

■ 'ft-)©" 

. ©■- 


denominator of the second term 


wc have 


then efficiency = i 


V^.^andvy, 

Q v-i r^y _ I 

t(''i - i)' 


This indicates that if r,, be maintained constant, 
the efficiency increases with increase in the ratio of 
compression. 
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Reversal of the Carnot Cycle. — If a Carnot engine 
were reversed, it would function as a cooling machine. 
For, consider the effect Qf placing the cool body in 
contact with the cyhnder during the isothermal expan- 
sion from (iv) to (iii). Heat amounting to RTg log,r 
would be abstracted and a quantity equal to RT^ log/ 
delivered to the warm body. The ratio of heat abstracted 
from the cold body to that spent in work would then be 


RT^log/ 1.1 Ta 

RfTto^-RTTSi? tT^- 


vSimilar reasoning to that already used to prove that 
no engine can be more efficient than a reversible engine, 



when botli work between the same limits of temperature, 
indicates that no refrigerating machine can have a higher 
coefficient of performance (as the above ratio is termed) 
than that of the reversed Carnot cycle. 

Cycle of Refrigerating Machine using Air. — In 
the Hcll-Colema.n type of machine air is drawn from the 
chamber to he kept cool, compressed adiabatically to 
such a temperature that it may readily part with heat to 
the circulating water, and thereafter expanded to the 
original pressure, the temperature falling much below 
that of the air in the cold chamber. 
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The pressure-volume and temperature-entropy diagrams 
are shown below. 



Vapours and Liquids. — In order to have apliyHi('.al 
basis for our discussion of general thermodynamical 
principles, and their applications to a few characteristic 
cycles of engines and refrigerating machines using a 
gaseous working substance, we imagined the perfect gas, 
differing but little in its simple characteristics from those 
of actual gases. It now becomes necessary to study the 
properties of liquids and their vapours, in order to exleiul 
the scope of our investigations. 

When a gas is cooled it passes from that state in which 
its characteristics closely resemble those of a pcrfec.t gas 
to the condition of a vapour, and if the abstraction of 
heat be continued will ultimately condense and may 
finally solidify. Thus hydrogen condenses at — 402 di'g, 
Fahr., and solidifies at —434 deg. Fahr. Nitrogen c.on- 
denses at —231 deg. Fahr., and helium, one of the; most 
refractory gases, within a few degrees of absolute zero. 
The premises adopted in order to deal simply with gaseous 
working substances will not answer in the case of engines 
using vapours, which depart too widely in their properl i('s 
from those of a perfect gas. 

It may be remembered that the a.s,sumi)tions made 
included a supposition that the time occuijned by 
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encounters was negligible ; also that during the free path 
the molecule moved uniformly in a straight line. If the 
temperature of a gas, which may be described as a super- 
heated vapour, be lowered sufficiently, intermolecular 
forces become of practical consequence, coaggregation — 
that is, a temporary association of molecules forming a 
group— takes place, and the influence of encounters in 
altering the total pressure cannot be neglected. The gas 
is now said to be a vapour, and further lowering of the 
temperature causes condensation to commence. In the 
liquid state, while the molecule still has freedom of transla- 
tion, the period of the free path is negligible in comparison 
with the time during which the molecule is under the action 
of intermolecular forces. From the behaviour of liquids in 
general and water in particular, it would appear that great 
resistance is offered to the closer approach of the molecules 
to each other, while a certain, much smaller resistance is 
experienced when an effort is rnade to separate them. 
To such intermolecular forces are ascribed the effects of 
surface tension, capillarity, the spherical form of drops, 
etc. ; the phenomena of supersaturation are also ascribed 
thereto. Since water is of the greatest practical con- 
sequence as the working substance of steam engines and 
turbines, we may profitably study its properties, regarding 
it as typical of other liquids. 

Evaporation. — From all exposed water surfaces, 
and even from ice, evaporation takes place. It appears 
that at all temperatures below boiling-point there is an 
interchange of molecules between the liquid and its 
.surroundings, whenever possible. When the number of 
molecules which escape from the liquid just balances the 
number which retixrn the net effect is zero, and the space 
in the neighbourhood of the water is said to be saturated 
with water vapour. Dalton’s law, which was observed 
to hold in the case of a mixture of gases, is very approxi- 
mately true also in the case of a mixture of vapours and 
gases, except at very high pressures. 

The addition, therefore, of a given quantity of water 
vapour to the space above an exposed water surface 
increases the pressure upon it by the weight of the vapour 
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column. If air also is present, then the total pressure is 
the sum of the pressure of the air and that of the vapour. 
If the temperature of the air and water vapour mixture 
rises, evaporation will continue until equilibiium is agtiin 
restored. The relationship which subsists between vapour 
pressure and temperature is known, and may be found by 
reference to tables of the properties of steam. 

Thus, at freezing-point, the pressure of the saturated 
vapour upon an open water surface is o 'oSejs pound 
per square inch. As the temperature rises the vapour 
pressure rises rapidly, until at 212 deg. Fjihr. it is just 
equal to that of the atmosphere under normal con- 
ditions. If the temperature be lowered, the reverse 
effect is observed. There is now a greater number of 
molecules returning to the liquid state, and dew forms 
upon any exposed surfaces, or collects as a fine suspended 
mist, upon dust particles, or if these be not present in 
sufficient quantity, upon coaggregated molecules of the 
vapour itself. 

Boiling. — ^When the pressure which steam would 
exert at the saturation point just exceeds that of tlu' 
restraints upon the liquid, evaporation commences at a 
number of centres within the liquid itself, generally about 
tiny bubbles of occluded air, and the water is said to boil. 
The cooling effect of this evaporation throughout the 
mass of the liquid is, in general, sufficiently (iffective to 
prevent further appreciable rise of temperature. (This, 
however, may happen if suitable nuclei arc absent, diuf 
to molecular cohesion preventing the formation of bubbles 
of very small diameter.) When, therefore, the total 
pressure upon the water is known, the temjxTaltirc! 
at which boiling will commence may be determined by 
reference to the tables above mentioned. 

Absorption of Heat during the Formation of 
Steam under Constant Pressure. — If the teni]HTa(iire 
of unit mass of water be raised, and the amount of heal, 
added during the process be noted, it will be found that 
while the specific heat is nearly constant there is a steady 
though small increase after the minimum value, at 8() deg. 
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Falir.; is passed. It has been suggested that this increase 
may be due to the absorption by the liquid of saturated 
vapour. 

For most practical purposes, the specific heat of water 
at moderate temperatures may be taken as constant and 
equal to the average value between 32 and 212 deg. Fahr. 
At some point determined by the pressure, boiling 
commences and thereafter the addition of heat is un- 
accompanied by any further rise in temperature : in 
the phraseology of the earlier writers it is said to become 
latent. When the last particle of moisture has become 
steam, and before the temperature has changed, the steam 
is said to be dry qxid saturated. Any further addition of 
heat causes the dry steam to become superheated, the 
temperature again rising. 

To find the relationship between any assigned condition 
of the steam and its total heat (that is, the amount of 
heat added, together with any work which may have been 
done, in order to bring it to that condition under constant 
pressure from any arbitrarily selected state), steam tables 
may again be consulted. The initial condition usually 
chosen is that of water at 32 deg. Fahr. In order to 
visualize the circumstances under which these changes of 
state may be supposed to take place, it may be helpful to 
think of the unit mass of water as being introduced under 
a piston loaded so as to produce the desired constant 
pressure. To the quantity of heat actually transferred 
must be added a small quantity which takes account of 
the work done in introducing the water below the piston. 

Thus, if J1 is the heat added during the formation 

PV 

of unit mass of dry steam and ^ is the heat equivalent 

of the work done in introducing the water below the 
piston, the total heat (as it is termed) is the sum of these 
two quantities. 

If the total heat so defined be denoted by I, then 
PV 
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H, of course, includes the heat added during the rise 
in temperature of the water (IT,^) and that absorbed 
during the formation of the dry steam (L). That portion 
of the total energy transferred to the steam which was 


spent in doing external work is obviously 


PV, 

J 


, when) 


Ys is the volume of unit mass of dry and saturated steam 
at pressure P. The balance goes to increase the internal 
energy E. 

Thus we have 


P PV PV 

p (V, - VJ + 


If the steam be wet we have, instead of 

I^ == I^ -|- L, for dry steam, 

I.v«) ^ “h 

where q represents the proportion of vapour in the 
mixture of moisture and vapour. 

If the steam be superheated, then 

v=^i,, + L + k{r 


where k is the specific heat of superheated steam at 
constant pressure (a quantity which varies both with the 
pressure and with the degree of superheat), is tlu^ 
temperature of superheat, and t is the temperature of 
formation of the steam. Total heat is generally reckont'd 
from that of water at 32 deg. Fahr., and undcT the 
assigned constant pressure. 

Entropy of Water and Steam. — During ilu‘ iK'ating 
of the water from any absolute temperature T,, to the 


change in entropy is measured by 



if the s])(‘dri(' 


heat of water be taken as constant and equal to unity. 
During the formation of unit mass of dry steam tlu? 

change is ^ where is the latent heat at the temperalun! 
1 1 

of formation T^. 
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If the steam be superheated, then the change which 
occurs between any temperature and temperature of 

rT'^T 

superheat T' is ^ k being the average value of 

J Tj ^ 

the specific heat of superheated steam for the appropriate 
range. A chart which exhibits the relation between 
temperature and entropy for water and steam is of 
service in the determination of the condition of the steam 
after a change of state under assigned conditions. 

Isothermal Expansion of Steam —Water is nearly 
incompressible, A slight change in volume with change 
in pressure does, however, take place, this change be- 
coming greater the higher the temperature at which the 
change in pressure takes place. If, then, we consider 
the relationship between the pressure and volume of 
water at any assigned temperature, we should have a 
curve which at first is nearly vertical, as shown in fig. 12. 
If the pressure be allowed to fall to that value at which 
steam will commence to form, expansion will take place 
under constant pressure so long as we continue to add heat. 
When all the moisture present has been converted into 
steam, the steam is dry and further expansion at constant 
temperature will cause the curve to enter the region of 
superheat on the pressure-volume diagram. This arises 
from the fact that the steam is now at a temperature 
above that of formation. The greater the degree of 
superheat, the more nearly does this portion of the curve 
agree with the hyperbolic curve of a perfect gas, expanding 
isothcrmally. If a series of such curves be plotted as a 
result of observations upon the properties of steam, there 
comes a point when the isothermal ceases to have any 
horizontal portion. We have now a continuous curve, 
indicating that for this temperature, and any other above 
it, no pressure however great will cause the vapour to 
liquefy. 

At the summit of the curve .r, a;', x", y'\ y\ y the 
substance is in what is known as the critical state, the 
isothermal line which touches it being a curve of ' critical 
temperature.' 
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The critical temperature for steam is about 689 deg. 
Fahr., and the pressure at the critical point is 2950 pounds 



per square inch. In the region beyond the curve of critical 
temperature the substance passes into the condition 
of a permanent gas, and the further removed it is from 
the critical state the more nearly does it behave as a 
perfect gas. 

Expansion of Steam at Constant Total Heat.- - 

Imagine the column of steam (i), (fig. 13), whose pressiin! is 
Pi and volume Vj, to pass through the constricted orilic(! 
0 into a region where the pressure is P 2 vohnne 


nmni 





Fig. 13. — Throttling of Steam. 
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V2. Suppose, further, that no heat enters or leaves the 
vapour during the process. Then in passing from (i) 
to (ii) work is done upon the steam amounting to PiVi/J 
heat uirits. In forcing back the vapour in the space (ii) 
the steam does P2V2/J heat units of work. Now since 
there has been no transfer of heat to the steam from any 
outside source, if P2V2/J exceeds PiVi/J, work must have 
been done at the expense of the internal energy of the 
steam. 


Hence 


i.e. 


J 

PiV 

J' 


PiVx 


Ex-E, 


1 .r. P2V2 ^ 

i + El = -y-" + E 


2 


2 


or, the total heat is constant during a throttling action. 

Adiabatic Expansion of Steam. — If we assume 
the same general conditions as in the case of expansion 
at constant total heat, but substitute for the orifice at O 
a nozzle, say, together with a suitable rotor (or any other 
device whereby the work done during the expansion of 
the steam is wholly removed, no part being restored to 
the steam in the form of heat), we have an adiabatic ex- 
pansion. This process differs from a throttling action in 
that the total heat before expansion is greater than the 
total heat at the end of the expansion by an amount 
which is exactly equal to the work done. 

Referring to fig. 14, the area (i) (ii) (iii) (iv) gives 
a measure of the work done, wlrich, from the principle 
of the conservation of energy, is equal to 


or 


PiVx 

J 


E2V2 


El - E2 


Ii - I2. 


In order to determine the condition of the steam at 
the end of the adiabatic expansion, and hence to find 
the drop in total heat, recourse may be had to the tem- 
perature-entropy diagram. Whether the steam be wet, 
dry, or superheated, the entropy remains constant during 
the adiabatic e.xpansion. 

Hence we have the general equation, 
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Knowing the initial condition of the steam, the final 
state may easily be found from the steam tables. 



Fig. 14. — Adiabatic Expansion of Steam on PV Plane. 



Fig. 15. — Adiabatic Expansion of Steam on T (j) plane. 


Another plan wliich commends itself, on account of its 
great convenience, is to make use of a chart upon which 
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are exhibited the properties of steam between co-ordinates 
of total heat and entropy. This device is known as a 
Mollier chart. 

Referring to the figure, it may be observed that in the 
wet steam region a series of curves of constant pressure, 
intersected by a series of curves of constant dryness, are 



Fig. 1 6 . — Mollier Chart of Total Heat and Entropy. 

plotted. In the region of superheat the curves of constant 
pressure are continued, but are now crossed by curves of 
constant superheat. The chart serves the purpose of not 
only giving a ready solution to any problem in which 
the work done during an adiabatic process is required, 
but also of indicating with equal facility the condition of 
steam after a throttling process. In the former case the 
locus of the state point is a vertical straight line ; in the 
latter it is horizontal. 

Carnot’s Cycle, using Steam as the Working 

Substance. — Wc may now consider the action of an 
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engine which is reversible in the Carnot sense, and which 
uses water and water vapour as the working substance. 

Let there be provided, as before, a perfectly non- 
conducting cylinder and piston which act as a completely 
insulating envelope enclosing unit mass of the vapour. 
Let there be available also an infinite source and an 
infinite receiver of heiat, w^hich may be applied at will to 
the conducting end of the cylinder. This latter may be 
rendered non-conducting by the use of a cover. The 
procedure is then similar to that followed in the case of 



Fig. 17. — Carnot’s Cycle with Water and Steam. 


a perfect gas. During the first stage we observe that 
instead of a hyperbolic curve we have a horizontal 
straight line. This follows from the known properties of 
steam. Under normal conditions, the transition from unit 
mass of water at temperature T^ to dry steam at the 
same temperature takes place at constant pr(\ssur(‘. 
During the next stage, with the non-conducting cover in 
position, expansion takes place in such a manner that 
no heat enters or leaves the steam, this supposition ex- 
cluding the addition of lieat to the working substance 
by internal actions amongst the parts of the fluid. The 
condensation which takes place in stage 3 is stopped 
at such a point that an adiabatic compression restores 
the mixture of water and water vapour to the con- 
dition of water at temperature T^, The cycle which we 
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have thus imagined being reversible has the maximum 

... , - To 

efficiency, namely, — ?p • 

The form assumed by the diagram of Carnot's cycle, 
between co-ordinates of temperature and entropy, is 
(as already indicated) a simple rectangle, and this is true 
whatever be the nature of the working substance. In 
the case of steam the rectangle has a height which is 
proportional to the difference between the temperature 
limits Ti and Tg, and, if the steam be dry at the com- 
mencement of the adiabatic expansion in the second stage, 

Li 

the width gives, to some scale, a measure of 7^ where 

-^1 


is the heat of vaporization at Tj. 

Glapeyron’s Equation, — This is an interesting re- 
lation which exists between the specific volume of a fluid, 
the heat required to cause change of state (either from 
the solid to the liquid, or from the liquid to the gaseous 
state), the temperature at which such change takes place, 
and the rate of change of temperature with respect to 
pressure for the particular pressure at which the change 
takes place. For instance, in the case of steam, imagine 
a Carnot engine to work between temperature and 
corresponding pressure limits which are separated by 
quantities of an infinitesimal order. Then the work 
done as represented by the pressure-volume diagram is 


(V. - V J dF 

(V., being the volume of unit mass of dry and saturated 
steam and V,„ being the volume of the water from which 
the steam was generated) . From the temperature-entropy 
diagram we obtain similarly 



These quantities are equal, 


V. 


TL dT 
T d? 


+ 


If, then, a formula can be found which will exhibit 
the relation between temperature and pressure with 
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sufficient exactitude, and which may be differentiated, 
the specific volume of any fluid can be determined when 
the latent heat is known. It is interesting to observe, 
for example, that a knowledge of this relationship will 
convey to an observer, seeing an iceberg float with part 
of its mass above water, the information that the melting- 
point of ice is lowered by pressure. 

For, since the density of the water is greater than the 
ice, the volume of the former is less, and hence the ratio 
dl . 

is negative. 


Cycle of the Steam-Engine and Steam-Turbine.- - 

Owing to mechanical considerations, which will lie di.s- 

cussed later, the 
steam engine and 
turbine, while they 
follow the Carnot 
cycle in its first 
three stages, do not 
in general complete 
the action by an 
adiabatic process. 
The operations are 
normally carried 
out in three sepa- 
rate organs : the 
boiler, in which heat 
is added at constant temperature during the formation 
of dry steam under constant pressure ; the prime-mover, 
which under ideal conditions would expand the steam 
adiabatically; and the condenser, which functions as the 
receiver of heat. 



Fig. 18. — Rankine Cycle of the Steam- 
Engine on PV Plane. 


The condensate from the latter in a wholly liquid 
state is returned to the boiler by means of a pump and is 
there heated up to the initial temperature, thus restoring 
the working substance to its original condition. 

Since a part of the heat in the Rankine cycle (as this 
modification of the Carnot is usually termed) is added 
during the heating of the water from the lower to the 
upper limit of temperature, and therefore under conditions 
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such that its availability is less than if it had been added 
at the top of the range, the efficiency of the cycle as a 
whole is less than that of Carnot. 

Referring to the pressure-volume diagram, we observe 
that the work done is represented by the area (i) (ii) 
(iii) (iv). The heat put in is Hi — where H is equal 
to I — PV,„/J. This gives us, for the exact expression 
of the efficiency : 

Ii - I, - (Pi - P,) YJ] 

ir-x;-(Px-P2)v„,/j- 


The term (Pi - P^) 
Spent by the feed-pump 
in introducing the water 
into the boiler, and 
which has to be provided 
by the engine. It is a 
quantity of small con- 
sequence practically and — 
may, in general, be 
neglected. 

If the steam is dry 
at the commencement 
of the adiabatic expan- 
sion, the expression for 

the efficiency may be 
written 



takes account of the work 


(nr 



I ^ 

Fig. 19. — Ranldne Cycle of the 
Steam-Engine on T Plane. 


I.vj Iw’2 

Upon the same principle the efficiency under any other 
conditions, whether the steam be dry, wet, or superheated 
at the end of the first stage, may be easily determined, 
when the adiabatic expansion is complete. 

If expansion is incomplete it is easier to treat the 
problem in two parts, the work done in the upper part 
of the range down to the pressure level at which the 
expansion is stopped being found as above described, 
and the balance being calculated from the pressure- volume 
diagram. 

Fig. 19 illustrates the various forms assumed by the 
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Rankine cycle between co-ordinates of temperature and 
entropy, when the initial conditions of the adiabatic 
expansion are different. The case in which expansion is 
incomplete is also shown, the curve ad being plotted 
from the consideration that the volume of the water- 
steam mixture remains constant while the pressure and 
temperature fall. It is to be noted that the area of the 
temperature-entropy diagram does not give a true measure 
of the net work done by the engine, since a small part of 
the gross work available within the cylinder of the engine 
is spent in doing work upon the feed-pump. As already 
mentioned, however, this quantity is commonly neglected 
for practical purposes of comparison of the performance 
of steam engines and turbines with the ideal standard. 

Reversal of the Vapour Engine. — ^As in the case 
of an engine using a gaseous working substance, the 
reversed vapour engine may be used as a cooling machine. 
A liquid such as anhydrous ammonia, whose boiling- 
point under suitable working pressure is comparatively 
low, is usually selected. The action then consists in 
allowing the cooling medium to evaporate in a series of 
coils either placed directly in the room to be cooled, or, 
alternatively, immersed in a brine solution, which may 
then be circulated as desired. The vapour is then 
compressed in a pump from the lower limit of pressure 
to the upper. The boiling-point rising with the pressure, 
condensation may now be effected in the neighbourhood 
of the temperature of the available supply of cooling water. 
The last stage, corresponding to the adiabatic compression 
of the Carnot cycle and to the heating up of the water 
in the Rankine, is usually an expansion at constant 
total heat, the liquid being allowed to stream througli a 
reducing valve in quantities which arc proportioned to 
the demand. For obvious reasons a reversal of the last 
stage of the Rankine cycle cannot be carried out, and the 
complications which an attempt to reproduce the reversed 
Carnot cycle would introduce render a modification 
desirable. The effect of the expansion valve is not only 
to cause the loss of the work which would be recovered 
by the use of an expansion cylinder, but to render the 
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vapour drier than it would have been at the end of an 
adiabatic process. This is clearly shown on the tempera- 
ture-entropy diagram (fig. 20). The curve (i) (iv) may be 
plotted from the consideration that the total heat remains 
constant. 

In estimating the performance of refrigerating machines 
it is customary to make reference to the modified standard, 
the heat removed from the cool body being expressed 
as a ratio to the heat equivalent of the work spent in 
its removal. This 
latter quantity is 
called the coefficient 
of performance. 

In the tempera- 
ture - entropy dia- 
gr am the heat 
removed is the area 

(iv) (iii) (vii) (vi), 
and the heat equiva- 
lent of the work is 
the area (i) (ii) (iii) 

(v) , as may be 
observed from a 
consideration of 

the pressure-volume ,o.-Cycle of Refrigerating Machine 

diagram for the using a liquid and its vapour, 

pump, (the term 
(Pi“ P2) V,„/J being neglected). 

In practice, in order to increase the refrigerative effect, 
the liquid, after condensation, is frequently cooled below 
the upper limit of temperature Ti in a separate cooler. 

A certain amount of superheat at the end of com- 
pression also may be tolerated. The influence of these 
changes upon the temperature-entropy diagram is shown 
in the figure. 

As already indicated in connection with the dis- 
cussion of a refrigerating machine having a gaseous 
working substance, the reversed Carnot cycle has the 
greatest attainable coefficient of performance, between 
assigned temperature limits. 
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Any departure from this standard causes a reduction 
in the value of the coefficient. 

In those cases in which the compression is adiabatic, 
this latter quantity may be determined from a con- 
sideration of the changes in total heat, thus : 

Ideal coefficient === 

These quantities may be obtained by calculation from 
tables of the properties of the working substance, or more 
readily from the Mollier chart of pressure and total heat. 



FLUIDS IN MOTION 


From our knowledge of the nature of heat and its effect 
upon matter, notably gases and vapours, methods have 
been outlined whereby a part of the heat added to the 
working substance of an engine may be transformed 
into mechanical work by direct action upon the piston. 
We have now to consider that case in which the initial 
transformation is not into directed motion of the piston 
and its associated linkage, but into ordered motion of 
the working substance 
itself. In the ideal case 
the whole of the heat 
which disappears in the 
process reappears as 
kinetic energy of the 
moving fluid. This in- 
vestigation is of the 
greatest practical con- 
sequence, embracing as 
it does the case of the flow of steam and of gas through 
turbine nozzles and channels, and also the flow of fluids 
in lines of pipe. 

Flow in Channels of Simple Form. — ( Onsider the 
flow of a fluid through the channel (i) (ii), (fig, 21), 

Let it be supposed to move in stream lines and to fill 
the channel completely. Then as a consequence of these 
hypotheses, the mass passing an imaginary surface taken 
at right angles to the stream lines at (i) is equal to the 
mass passing a similar surface at (ii) in the same time. 
Imagine, further, that no heat is interchanged between 
the fluid and its surroundings during the process. Then 



Fig. 2 1. —Flow through a Channel. 
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by the principle of the conservation of energy, the sum 
of the energy possessed by the substance itself, together 
with the work which has been given up by the system 
with which it was associated at (i), must be equal to the 
total energy at (ii). In order to illuminate tins conception 
the channel has been shown as a connection between two 
cylinders whose pistons are loaded with different weights. 
The passage of a quantity of the fluid from one cylinder to 
the other causes one piston to rise and the other to fall, 
the positive work done in one case being PjVi, and the 
negative work done in the other, P2V2. If, now, is the 
internal energy per unit mass at (i), and if E^ is the internal 
energy at (ii), then if no chemical or other change takes 
place, 

PiVi + El + ^ = P2V2 + Eg + (in work units) 


if the channel is horizontal, or if the change in potential 
energy is negligible. If w is the density of the fluid 

(= ^) the equation may also be written ; 


+ El + ^ = 


when its identity with that of Bernouilli applied to the 
flow of water becomes apparent. The term which takes 
account of the internal energy is commonly omitted in the 
case of water, while that which represents the potential 
energy cannot, in general, be neglected. 

Again, rewriting the above equation we have 

= (PiVi + El) - (P2V2 + E,) = Ii - I2. 


In other words, the change in kinetic energy is equal 
to the drop in total heat, all losses by friction, etc. being 
neglected. It is also instructive to consider this problem 
from the point of view of the pressure-volume diagram as 
shown in fig. 22. 
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The area under (i) (ii) is the work done upon the fluid 
as it enters the channel. The area under (ii) (iii) is that 
done by the fluid during the adiabatic expansion in the 
channel : while the area under (iii) (iv) represents the 
work done against the back pressure in the region into 
which the fluid is discharged. 

If the law of the adiabatic expansion is known, then 
the net area representing the work done in causing change 
of kinetic energy may be determined. For instance, 



Fig. 22. — Pressure-Volume^^Diagram'during Flow through a Channel. 


suppose that the substance under consideration is a 
perfect gas, then, per unit mass. 


2 ^ -^P,Vi-P,V2 

2g ^ ^ 


T 

Y ^ I 

C,. R 


(P.V, - P,V,) 

Y -I 

c„ 


(PiVi - p^v,) = (Pr,- Rr,) 

c„ 


= (T, - To) = C, (Ti - T^). 

In the case of steam the appropriate value of the 
index of V in the equation PV" equals a constant may 
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be selected when the condition of the steam at the 
commencement of the adiabatic expansion is known. 
In the region of superheat the figure i • 3 may be taken, 
while in the wet region n can be calculated from the 
formula of Zeuner, namely, m = i ■ 035 -f- 0 • 15’, q being 
the dryness of the steam at the commencement of the 
adiabatic expansion. 

The equation for steam then becomes 




-3-^- (P,V, - P^V,), 


Vi and V2 representing, of course, the actual initial and 
final volumes per unit mass. 

If, now, Vi is negligible, as it commonly is in practice. 


n 




P,V: 




\ 


I 2gn 

— I 



for isentropic flow. 

This equation is, obviously, of general application, and 
may be used to determine the velocity at any point in 
the stream where the pressure P2 is known. 

Let, now, A be the area of the cross-section through 
which unit mass flows per second when the pressure has 
fallen to P. 


Then 


V — 


V 

A 


AP" 



\P\J Vi 1« — I L vPiy J 



Since unit mass is discharged through A per second, 
therefore ^ gives a measure of the mass of the discharge 
per unit area per second. At the minimum cross-section 
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of the cliannel, the discharge per square foot per second 
is a maximum. 



be called D. 


Then 


I 

A 


| f 

IViW-i) i 


n + 1 


D" - D 


u 


When the rate of change of this quantity with respect 

to the ratio D in which the pressure falls is zero, ^ has 

its maximum value. 

This is when 


or when 


d 



n 



i.e. when 


2— W 1 

~n n _ 


n + I 
2 


i.e. when D 




n ~~ i 


In the case of a gas for which n = •{ = assumes 

the value 0*528. This means that when the back pressure 
P2 is less than o*528Pi the channel will consist of a 
convergent and a divergent portion, and the pressure at 
the minimum section or throat will be o *528 times the 
initial pressure. When the back pressure is greater than 
o *528 times the initial pressure, the appropriate channel 
would be convergent only, and the mass of the discharge 
would be calculated by substituting Pa for P,, the pre.ssurc 
at the throat. Thus if A„ is the area of the exit of a 
convergent nozzle in square feet, the mass of the 
discharge in pounds per second is 


A 


ex 


|JPi 2 j;n j 

IVi n-i\ i 



The values of D for any other fluid may easily be 
found similarly when n is known with sufficient exactitude. 
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Thus for steam, when » = i -3, D = 0 ‘5457, and when 
n = 1-135, D = 0-577. 

Metastable State of Steam. — In the above dis- 
cussion we have tacitly assumed that the behaviour of 
steam expanding in a nozzle -is unaffected by the rapidity 
of the process and other factors rendering the conditions 
different from those of the comparatively slow expansion 
in the cylinder of an engine. It is, however, necessary 
to extend our observations upon the properties of water 
and water vapour, in order to account for certain dis- 
crepancies which make their appearance when the results 
of experiments upon the flow of steam are compared with 
calculations based upon our knowledge of the normal or 
equilibrium state. 

The particles of a gas are largely unaffected by inter- 
molecular attractions and repulsions. As the gas is 
cooled to the condition of a superheated vapour, there 
is an increasing tendency towards coaggregation of the 
molecules into groups. 

In the liquid state coaggregation is complete and 
powerful intermolecular forces prevent closer approach, 
while forces of much less magnitude tend to resist 
molecular separation. 

Throughout the mass of the liquid these latter forces 
are internally balanced, but at the surface of separation 
between the liquid and its enclosing envelope they become 
manifest, and are responsible for the phenomena associattul 
with surface tension. Thus a drop of water resting ui)on 
a surface which it does not wet tends to assume a spherical 
form, the sum of the potential energy of the drop due to 
the height of its centre of gravity above the plane of 
support and the energy stored as surface tension, having 
a minimum value. If, then, a drop of water evaj^orate, 
less heat will have to be supplied than if it were part of 
the main mass of the fluid, since as its size diminislui.s 
the energy given up assists in the formation of vapour. 
Thus as the radius of the drop decreases, the ratio of 
potential energy stored in the surface layer to the mass 
of the drop increases and the tendency to evaporate 
becomes greater. Hence the pressure at which evapora- 
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tion will just balance condensation is greater for a drop; 
or, to put thp matter slightly differently, evaporation will 
continue from the drop after the liquid, at the same 
temperature, has reached a state of equilibrium. For the 
same reason the tendency towards condensation in a 
vapour at the saturation point is resisted, withdrawal 
of heat resulting in a more or less well-marked cooling 
below saturation temperature, before condensation com- 
mences, A vapour in this condition is said to be super- 
saturated. If foreign particles are present these will act 
as nuclei in the first instance, while if these are absent, 
or present in insufficient numbers, droplets will ultimately 
collect as a fine mist about nuclei of molecular dimensions. 
Should the drop, however, carry a static electric charge, 
the potential rises as the drop becomes smaller. This 
opposes the tendency towards evaporation. 

These considerations afford an explanation also of the 
retardation of boiling in water which has been largely 
freed of the tiny air bubbles which are usually present. 
Evaporation continues from the free surface until the 
temperature has risen sufficiently to cause the pressure 
within the exceedingly small bubbles which remain to 
exceed that without by a quantity which depends upon 
the size of these gaseous nuclei and the particular value 
of the surface tension of the water. 

Flow of Supersaturated Steam. — As already 
stated, superheated steam expands very approximately 
according to the law PV^*^ = a constant. If, on 
adiabatic expansion, supersaturation supervenes, the law 
holds until reversion to the equilibrium state occurs. 
How far this metastable condition persists has been the 
subject of inquiry. 

It is known to obtain at least as far as the throat of 
the turbine nozzle, and probably reversion is incomplete 
when the steam leaves the exit end of the channel. The 
influence of supersaturation on the discharge may be 
seen by inserting the appropriate values of D and n, 
namely, 0*5457 and 1*3, in the equation for the mass 
flowing per unit time, and comparing the result so derived 
with that obtained on the assumption of stable expansion. 
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The former quantity will be found to be about 5 per cent, 
in excess of the latter, and gives results which are in 
accord with experiment when a reasonable allowance is 
made for friction and other losses. 

In order to determine the heat drop of supersaturated 
steam, recourse may be had to the pressure-volume 
diagram. 

The law of the expansion being known, the total work 
done between any assigned limits of pressure may be 
found. Since the action is ideally isentropic, this quantity 
is a measure of the heat which has disappeared in the 
process. Further, the temperature of the supercooled 



Fig. 23. — Expansion of Supersaturated Steam on PV Plane. 


steam may be calculated on the assumption that it 
behaves as a cool gas. If these calculations arc made) 
it will be found that the curve of the adiabatic expansion 
of supersaturated steam lies below that for the stable 
state. Hence the work done in the former case is less, 
the total heat at the end of the process being great tn* 
than in the latter. On reversion at constant total heat 
the steam becomes drier than for equilibrium expansion, 
as may well be seen from a Mollier chart, which cxhil)ils 
the properties of both saturated and supersaturated 
steam. 

The influence of supersaturation is similar to the 
effects of friction in that it produces irreversible actions, 
causing growth of entropy and loss of availability of the 
heat energy of the steam. 

In fig. 24, (ii) (hi) represents the isentropic ex- 
pansion of the supersaturated steam ; (iv) is the state 
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point at the end of the expansion on the assumption of 
stable conditions ; (iii)' indicates the condition of the 
steam as to dryness on reversion from the supersaturated 
state. The chain lines are lines of constant pressure for 
supersaturated steam in the normally wet region. 



Fig. 24. — Expansion of Supexsaturated Steam on I (p Plane. 


Flow in Cylindrical Channels, Friction Con- 
sidered. — Consider a differential length of pipe line in 
which a given gas or vapour is flowing. 

We have the total energy equation, per unit mass, 




+ E. + 'V=I’-^ + E. + »>‘ 

2g 2g 


+ 4 


Z being equal to the frictional loss. 

If V may be regarded as constant for the segment, 
and if the heat generated by friction be supposed to 
return to the fluid, the total heat remains constant. 

Then if the fluid be a gas, ~ E 2 and ~ ^ ^ ™ — Z. 

Let, now, the total work lost by an element of the 
fluid which fills the segment be proportional to the mean 
velocity of flow (v) and to the density of the fluid (w). 
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Then total work lost =fv^w{v;d dJ) dl. 

_ .j. . f v'^ wi-K d dl) dl 

Per umt mass, this = jV" 

rc. d^ ,, 

dlw 

4 

/ being a constant relating to unit velocity and unit area 
of the inside of the pipe. 

7 fvHl 
•• ~^- d • 

If dP is the pressure drop between (i) and (ii), 
w d 


Now 


V 


RT 


and V 


V 

A 


WRT 
PA" ■ 
2 


R 1 d \ PA J ' 

, VdP f'WHl „ 

and — — if T may be regarded as constant, 

and equal, say, to 520 deg. Fahr. abs. 

On integration we have 

Pi" -P2" _f''WP 


or 


2 d^ 

" ^ ' 'd^' 


or, if the volume of air, at atmospheric pressure, flowing 
per second be known, instead of W wc may write 

f""V 2 r 


and P,^ - P,2 




If V,„ is in cubic feet, L is in feet, P is in pounds per 
square inch, and d in inches, f"" may be taken as 
for air. Then 

V 2 r 

/>l" 

2000 



TOPICS FOR DISCUSSION 

1. From the simple assumptions made in regard to 
the properties of a perfect gas, deduce an expression for 
the pressure, in terms of the mass of the individual 
molecule, the ' velocity of mean square,' and the number 
of molecules per unit volume. 

2. What is the thermodynamic interpretation of the 
term ' temperature ’ ? 

3. Show that the laws of Boyle, Dalton, and Avogadro, 
relating to a perfect gas, are a direct consequence of the 
equations derived from the application of the kinetic 
theory of heat to a gas. 

4. Show that the translational energy of the molecules 
of unit mass of a gas is equal to 3/2 . RT, and hence 
determine the value of the ratio of the specific heats 
{a) of a monatomic gas, and (&) of a diatomic gas. 

5. Prove that during the adiabatic expansion of a 
perfect gas a law of the form PV ^ = constant is followed, 
Y being equal to a constant, the ratio of the specific heats 
of the gas. 

6. Outline a reversible cyclic process which aims at 
the conversion of heat into mechanical work. Does a 
non-cyclic process, such as the infinite isothermal expan- 
sion of air, drawing heat, say, from the ocean, constitute 
a violation of the second law ? If not, why not ? 

7. Show that the scale of the perfect gas thermometer 
is coincident with Lord Kelvin's scale. 

8. Determine the expression for the efficiency of : 

{a) The constant pressure internal combustion 
engine cycle; 

(b) The constant volume internal combustion 
engine cycle. 
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9. Explain how a macliine operating on the reversed 
Carnot cycle might be employed to either warm or cool 
a room. 

10. What is meant by the total heat of a sub- 
stance, such as a gas or steam. By how much docs this 
quantity differ from the heat actually added to produce 
unit mass of dry steam at a given temperature and 
pressure ? 

11. Show that the total heat of steam or any other 
substance is constant during a throttling action. 

12. If the melting-point of ice were raised instead of 
lowered by increase of pressure, show that we might 
imagine an engine which would violate the law.s of 
thermodynamics. 

13. Prove that the work done on the Rankinc cycle 
for steam is equal to the drop in total heat, as found, 
say, by measuring the length of the isentropic curve on 
the total heat-entropy chart. In order to apply this 
method to the Carnot cycle, what further calcxxlation 
would have to be made ? 

14. If the reversed Rankine cycle could be employed 
in a cooling machine instead of the reversed Carnot, 
would this increase or diminish the coefficient of per- 
formance ? 

15. Verify the figure given for the percentage increases 
in the discharge of supersaturated steam over that for 
normal wet expansion, the steam being originally dry 
and saturated and expanding in a nozzle having a 
throat. 

16. How might a curve of constant pressure for super- 
saturated steam be drawn in the normally wet region 
of the total heat-entropy chart ? e 

WORKED EXAMPLES 

I. Calculate the ‘velocity of mean square’ [a) for 
oxygen, ( 5 ) for nitrogen, under a pressure of 147 pounds 
per square inch and at a temperature of 492 deg. Fahr. abs. 

The density of oxygen under the conditions given is 
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0 • 0892 pound per cubic foot, and the density of nitrogen 
under the conditions given is 0-0783 pound per cubic 
foot. 

We have 

PV — i— 

g 

V =s/ sPVg 

= /\/ ^'7 X 144 X 32-2 xl 
0*0892 

1514 feet per second for oxygen. 

Similarly 

V = ^ ^4iX 32'”2'x^^ 

0-0783 

= 1616 feet per second for nitrogen. 

2. Find the net work done if 40 cubic feet of air 
expand adiabatically from a pressure of 120 pounds per 
square inch to 30 pounds per square inch against a back 
pressure equal to that of the atmosphere; y 
taken as 1*4. 

The work done is represented by the area of the figure 
(i) (ii) (iii) (iv). 



Fig. 25. 


= 120 X 144 pounds per square foot. 
P2 = 30 X 144 pounds per square foot. 
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or 



Va = 40 X 


^ - 144 ) A ^ 40 X ( 4 )*-* = 107-7 cu. ft. 
30 X 144) 


Net work 


■V. 

P^V -P,(Va-V,) 
Vi 


__ P,V, - PaVa 


P«(Va -V,) 


Y - I :jj 

— 144 X 120 X 4 0 144 X 107 • 7 


■ 14-7x144x67-7 


= 565,000 - 143,200 
= 421,800 foot-pounds. 


3. A quantity of a certain gas is compressed from 
initial conditions of 3 cubic feet and 15 pounds per square 
inch to final conditions of i - 2 cubic feet and 58 pounds 
per square inch. If the specific heats of the gas at 
constant volume and constant pressure arc 0-173 and 
0-244 respectively and the observed rise in temperature 
of the gas is 294-8 deg. Fahr., calculate the change in 
internal energy. [B.Sc. (Eng.) Lond.'J 


The change in internal energy 


= WC„(T, - T,) == 
C;, f'p 


C„ (P,V, - P,V,) 
R 


P2V. - p,v, 

Y-i 


= 144 (58 X 1 -2 - 15 X 3 ) 
0-244 

0^73 ~ ^ 

= 11-09 B.Th.U. 
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4. The density of CO^ at 32 deg. Fahr. and 14-7 
pounds per square inch pressure is 0-124 pound per 
cubic foot, and its specific heat at constant pressure is 
o- 2 i 6 . a quantity of this gas is compressed adiabati- 
cally from a condition of 59 deg. Fahr. and 13 pounds per 
square inch to a pressure of 50 pounds per square inch 
What is the final temperature ? [B.Sc. (Eng.) Lond.] 


We have PV = WRT, W being the mass of the gas 
under consideration. 

We are given that 

P = 14-7 X 144 = 2116 -8 pounds per square foot 


V 


per unit mass = 8 • 064 cubic feet 


0-124 

T = 32 + 460 = 492 ; 

^ 2 Ii 6-8 X 8-064 

Hence R = = 34*6 q. 

492 ^ ^ 


34-69 


Now since C,, — C„ = R, C„ =0-216 =0-1714, 


■ Cp 0-216 

and thus v = 

' C„ 0-1714 


1 - 260 . 


When a gas expands or is compressed adiabatically, 
PV^ ==: const. 

Thus wc have PiV/ 


IW 


and also 


PiV^ Rl\ per pound 
=:RT2 „ „ 

( 


= 5icH5«xU4y-i-.^u, 
' 13 X 144/ 

= 686° Fahr. abs. 

= 226'^ Fahr. 


hence 
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5. The characteristic constant for hydrogen is 768 
foot-pound units, and its specific heat at constant pres- 
sure is 3-41. Three cubic feet of hydrogen measured 
at 15 pounds per square inch and 64-4 deg. Fahr. are 
compressed adiabatically to 200 pounds per square 
inch and then expanded isothermally to the original 
volume of 3 cubic feet. Determine the final pressure of 
the gas. 

Calculate the amount of heat which must be added to 
the gas during isothermal expansion and also the heat 
which must be abstracted from the gas after expansion 
in order to reduce it to the initial state of pressure. 
[B.Sc. (Eng.) Lond.] 



= 3-41 



hence Y = — = i ‘407. 

2-423 

We have = P2V2’' and PaVg — P3 V3, 



= 4566 pounds per square foot. 


Final pressure =31-7 pounds per square inch . . . (i) 

The heat added to the gas during isothermal e.xpan- 
sion is the exact equivalent of the work done, .sinc(' 
the temperature and hence the internal energy remain 
constant ; 

PdV 

iv2 J 


i.e. heat added 



APPLIED TO ENGINEERING 6i 

Now, Va = ^ V3 = ^ X 3 = 0 c.f. 

J. 2 200 

Heat added = X 144 X 0-4755 X 2-303 X 0-7999 

778 

= 32-43 B.Th.U (ii) 

In order to find the heat which must be abstracted 
from the gas to restore it to its original pressure we must 
findTg =T3. 

==524-4 X (13-33) ^ 

= 1109° Fahr. abs. 

We now have heat abstracted = C„W (Tg — Tj), 

‘ W ’ being the mass of the gas concerned. 

From the fundamental equation, 

W-^ -^5 XJ[44_X 3 
w-RT- 768 X 524-4 

and heat abstracted ^ ^ 5^4 ^ 

768 X 524-4 

— 22 ‘79 B.Th.U (iii) 

This latter figure should obviously agree with the heat 
equivalent ol the work spent upon the gas during adiabatic 
compression, namely, 

P,Vi ™ 15 X 144 X 3 - 200 X 144 X *4755 

{t-i)J (1-407- I) 77« 

which gives 22*8 B.Th.U. 


6. Determine the change in entropy which occurs 
when unit mass of a given mixture of gases passes through 
the constant volume cycle from initial conditions of 
pressure 14 pounds per square inch and temperature 
600 deg. Fahr. abs., if the ratio of adiabatic compression 
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is 4, and the maximum pressure reached is 300 pounds 
per square inch. 

C„ for the purposes of this example may be taken as 
constant and equal to 0-17, and y as i -4. 

We have, for the adiabatic curves, the relations 
PjVi’' = PaVg'*' and P4V/ = P3V3’' ; also the funda- 
mental equation PV = RT per unit mass. 

If we consider the temperature-entropy diagram for 
this cycle, we observe that the positive change of entropy 
during the heating process from (iv) to (i) is numerically 
equal to the negative chaflge during the cooling at con- 
stant volume from (ii) to (iii). See fig. 8. 

Hence let us determine T4 and Tj. 


We have P3V3''' = P4V4'’' and 


P3V3 ^ T3 
P4V4 T 4 ' 


T4 = T; 


P4V 


^4 - 


4^4 

3V3 


\yj V3 



T4 = (q)"'* T3 = 1045° Fahr. abs. 


Again, we have PiVj = RTj and P3V3 = RT3. 

• Ti =T3 YlYi = 600 X ^ ~ 3214° Fahr. abs. 

The change of entropy = C,, 

== C„log. ^ = 0-17 X 2-3026 X log-^?-'^ = o-iQoq. 

T4 1045 

This, as above explained, is the same as the change 
from (iii) to (ii). 



7. A quantity of air having a volume of 2 cubic find 
at atmospheric conditions of 14-7 pounds per scjuare ini'li 
and 59 deg. Fahr. is compressed according to the law 

pyi.is ^ ^ constant 

until its pressure is 120 pounds per square incli. Mnd 
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the change in internal energy of the air and also the 
change of entropy. The specific heats of air at constant 
pressure and constant volume are 0*238 and 0*169. 
[B.Sc. (Eng.) Lond.] 

The change in internal energy — WQ (Tg — T^) 


-■cr' 


= 682*5° Fahr. abs. 

R = (C, - C,) J 

= (0-238 — 0-169) 77^ 


_ 1 4-7 X 144 X 2 
- -- 

= 0-1519 pound. 

The change in internal energy 

= 0-1519 X 0-169 (682-5 - 519) 

= 4-198 B.Th.U. 

For any substance, the change of entropy is measured 


When heat is added to a substance it may become 
manifest in either or both of two ways, namely, as a 
change in the stock of internal (or intrinsic) energy, or as 
work done. 
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In the case of the mass of air under consideration, the 
former is represented by 

fT, 

Jt, 


and the latter by 


'^2 PrfV 


Vi 


J 


Hence the change of entropy becomes 


WC,dT 


+ 


PrfV 

JT 


WC„(fT 


+ 


WRTiV 

JTV 


= W 


c log T-B 4 - ^ log 


T, R, PJ 
= W jCplog.-- - ^ log. 

= 0-1519 I 0-238 X 2-303 X log 


682-5 

519 


()'()()() 


X 2*303 X log 


120 I 

r I 


14-7 1 


= 0-1519 (0-06518 - 0-1449) 
= — 0 -01212. 


8. State and prove the relation existing between tlu; 
specific heats of a gas at constant pressure and constant 
volume and the characteristic constant for the gas. 

If one-tenth of a pound of gas occupies i - 345 cubic 
feet at 59 deg. Fahr. and 15 pounds per square inch, and 
if after adiabatic compression to 0-5 cubic foot the 
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pressure is 60-9 pounds per square inch, what is the 
value of the specific heat at constant pressure of this 
gas ? [B.Sc. (Eng.) Lond.] 


If a given quantity of a gas be heated under constant 
pressure P, from to expansion takes place 

according to Charles' law, the external work done being 

P^V. 

Jf the same quantity of gas be heated from T to 
Ti + dT under constant volume, no external work is 
done, and the heat added goes to increase the internal 
energy of the gas. 

Now we remember that by Joule’s law the internal 
energy of the gas depends wholly on the temperature, 
lienee the difference between the heat added in the first 
and in the second case must be a measure of the external 
work, since the increase in the internal energy is the same 
for both. 

Therefore, per unit mass, 

VdV 

(C, 

and C^, being expressed in heat units. 

Now when P is a constant, 

PiV - R^T, 


Therefore 


C, -c,„ = 


R 

J- 


During adiabatic compression the gas follows a law 
of the form 


Therefore 


Pi V/ =.= P, V/ 


log I’i H- y log Vj -- log I’a y log 

logP.^logP. 
log V,- log V, 


log (rx)- 9_ x 144) - log (15 X 144) 
log! -345 - log 0-5 
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1-7846 ~ 1-1761 
0 - 1287 — I - 6990 


= 1-411. 


Now R = 


PV 

WT 


_ 15 X 144 X 1-345 
“ o-i X (59 +460) 

= 55-98. 


Hence we have 

c. _ 

C. “ 



I-4II 


C,= 


I-4II 

55-98 

55-98 

0-247. 


9. Determine the condition of steam after (a) an 
adiabatic expansion, (b) a throttling action, from initial 
conditions of pressure 100 pounds per square inch, and 
dryness 90 per cent, to 3 pounds per square inch. 


In order to solve this problem, either the Mollier 
chart of entropy and total heat may be used, or the tables 
of the properties of steam may be resorted to. 

Adopting the latter method, we have for an adiabatic 
process qbi = ^2- 

= 0-4743 + 0-9 X 1-1277 = 1-4892 

(jba = 0-2008 + g X 1-6840 

1-4892—0-2005 , 

g = — -A =0-765. 

1-6840 - - 

For a throttling action Ij^ = Ig. 

298-3 + 0-9 X 888-0 = 109-4 + g X 1012-3 


? = 


1097-5 - 109-4 


= 0-976. 


1012 -3 

The steam is therefore still wet at the end of the process. 
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10. Find the efficiency of a Carnot cycle, using water 
and water vapour between temperature limits correspond- 
ing to pressures of 200 and 20 pounds per square inch. 
Compare the result with the efficiency of an engine follow- 
ing the Rankine cycle working between the same pressure 
limits and using steam of 90 per cent, dryness. What 
influence has increasing wetness upon the efficiency of 
the Rankine cycle ? 


(i) The temperature of saturated steam correspond- 
ing to a pressure of 200 pounds per square inch is 381 • 9 
deg. Fahr., and to 20 pounds per square inch 228-0 deg. 
Fahr. 

Hence the Carnot efficiency 


381*9 — 228*0 
381*9 + 459*6 


= 18*29 


The efficiency of the Rankine cycle is ^ — - 

Ii — Iiy^ 

11 =354-9 + 758-9 =1113-8. 

12 == 196*1 + q X 960. 

q may be found from the Mollier chart to be 0-795. 
Whence efficiency 

1113*8—950*1 . 

= — — = i 6*7 per cent. 
1113*8—191*1 


(ii) Increasing wetness diminishes the efficiency, since 
a larger proportion of the heat is added at temperatures 
below the maximum. 


II. Find the increase in the velocity of the flow of 
steam between two points in a channel, if at the com- 
mencement of the action the steam is dry, and if the 
initial velocity and pressure are 500 feet per second and 
40 pounds per square inch respectively, the final pressure 
being 20 pounds per square inch. 


We have 


1. + ^' 


2d 


I2+ ^ 


2 d ’ 


or 


^ _ T _ T 

2^J 2gJ ^ 
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Hence | 2 ^J(Ii - I2) + V) 

Now, Ij — Ig is found from the MoEier chart to be 
51-7 B.Th.U. ; 

Va = {2 X 32-2 X 51-7 + 500^) 

= 1685 feet per second. 

Thus the increase in the velocity is 1685 — 500 
= 1185 feet per second. 


EXAMPLES FOR PRACTICE 

1. The capacity of a balloon is 16,000 cubic feet, and 
its total weight, including the car, etc., is 1000 pounds. 
If it be inflated with 13,000 cubic feet of hydrogen at a 
temperature of 60 deg. Fahr. and 14 -7 pounds per square 
inch, determine the weight of the hydrogen and the 
lifting effort. Find also the puE on the anchor rope if 
the pressure of the atmosphere falls to ii pounds per 
square inch and the temperature to zero Fahr. The 
density of hydrogen at 32 deg. Falir. and 14-7 pounds 
per square inch is 0-0056. The density of air at 32 deg. 
Fahr. and 14-7 pounds per square inch is 0-0807. 

2. If there is 23 per cent, by weight of oxygen in the 
air, the balance being nitrogen, determine the pressure 
due to each separately when the sum of the i:)re.ssures 
is 14-7 pounds per square inch. The density of oxygen 
is 0-0892 at 32 deg. Fahr. and 14-7 pounds per square 
inch. The density of nitrogen is 0-0783 at 32 deg. Fahr. 
and 14 - 7 pounds per square inch. 

3. Air at a temperature of 60 deg. Fahr. is throltled 
from a pressure of 50 pounds per square inch to 25 pounds 
per square inch. 

Using the figure already given for the density, find 
its volume at the end of the throttling process. 

4. Find the work done in the compression and delivery 
of 200 pounds of air, from normal atmospheric pressure 
and temperature of 60 deg. Fahr. to 80 pounds per square 
inch, if the compression is adiabatic, (y = i -4.) 
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If the compression had been isothermal, how much 
work would have been saved ? 

5. A Carnot cycle, using air as the working substance, 
has an expansion ratio of 3, and an upper and lower 
temperature limit of 300 deg. Fahr. and 80 deg. Fahi? 
Find the heat taken in and the work done per unit mass 
of air. 

6. A constant pressure cycle using air works between 
pressure limits of 14 pounds per square inch and 300. If 
the temperature at the commencement of the adiabatic 
compression is 300 deg, Fahr., determine the temperature 
and entropy of the working substance at the commence- 
ment and at the end of the expansion at constant pressure. 
(R =53-4 and = o-i7.) The entropy at the com- 
mencement of the adiabatic compression may be taken as 
the datum. 

7. A reversed Carnot engine works between tempera- 
ture limits of 80 deg. Fahr. and zero. If 10 horse-power 
is applied to this machine, determine the amount of ice 
which could be produced from water at 40 deg. Fahr. 
per hour. The latent heat of ice may be taken as 
144 B.Th.U. 

8. Steam of no pounds per square inch is throttled 
in a throttling calorimeter to atmospheric pressure, 
when its temperature is found to be 220 deg. Fahr. 
Determine its condition before throttling. 

9. Steam of 150 pounds per square inch and 
100 degrees of superheat is expanded adiabatically. Find 
the pressure at which it becomes dry and saturated. 

10. Given the formula 

5898 

logio/> = 8-360 Y' - ‘652 logic T, 

in which p equals pressure of saturation of the vapour 
of mercury in pounds per square inch, and T equals 
the absolute temperature in Fahr. deg., make use of 
Clapeyron’s equation to lind an expression for the spccihc 
volume of dry and saturated mercury vapour, in terms 
of the latent heat L, the rate of change of pressure 
with respect to the temperature of saturation, and the 
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absolute temperature. If under a pressure of 70 pounds 
per square inch the temperature is 856 -6 deg. Fahr. 
and latent heat is ii8‘2, calculate the specific volume. 
[B.Sc. (Eng.) Lond.] 

11. A steam-engine works upon the Rankine cycle 
between pressure limits of 250 pounds per square inch 
and 5 pounds per square inch. If the steam on entry 
has 100 deg. of superheat, and if expansion proceeds only 
as far as 30 pounds per square inch, determine the 
efficiency. 

12. A reversed vapour engine, using ammonia, works 
between temperature limits of 14 deg. Fahr. and 75 -2 deg. 
Fahr. If there is undercooling of the liquid to 60 -8 deg. 
before entering the expansion valve, determine the ideal 
coefficient of performance. 

13. Calculate the velocity of discharge of air from 
a container in which the pressure is 25 pounds per square 
inch, through a nozzle into the atmosphere at 14*7 pounds 
per square inch. Take C« as 0 -17 and y as i -4. 

14. A nozzle is required for the discharge of 400 pounds 
of steam per hour from a pressure of 140 pounds per 
square inch to that of the atmosphere. Determine the 
diameter of the throat and of the exit, on the assump- 
tion that supersaturation persists as far as the throat, 
and that thereafter reversion to the stable condition 
occurs. Neglect all losses due to friction, radiation, etc. 

15. Find a suitable size of air main to deliver 
5000 cubic feet of air per minute of atmospheric pressun^, 
if the pressure of delivery is 150 pounds per square inch 
and temperature 60 deg. Fahr., the permissible pressure 
drop being i pound per square inch per 70 feet. 



SECTION II 


THERMODYNAMICS OF THE BOILER— 
THE BINARY VAPOUR PRIME-MOVER 
—THEORY OF THE STEAM-ENGINE, 
INCLUDING THE UNIFLOW — THE 
STEAM-TURBINE 




BOILERS 


The boiler must be regarded thermodynamically as part 
of the organic group, consisting of boiler, prime-mover, 
and condenser. We are not here intimately concerned 
with the design and construction of the multitudinous 
varieties of steam-boiler. Rather are we interested in 
their performance from a thermodynamic standpoint, and 
with a view to discovery in what direction an increase 
in efficiency in relation to the prime-mover is to be 
looked for. 

Temperatures reached on Combustion. — The 

chemical potential energy which is released during the 
combustion of coal or oil is capable of conversion into 
heat of the products of combustion at a temperature 
which is only limited by the quantity of heat given 
out per unit mass of combustible, the mass and specific 
heat of the products of combustion, and the initial tem- 
perature of the air 

Thus, to take a simple illustration, i pound of 
carbon gives out on burning to COg, 14,540 B.Th.U. 
Now the molecular weight of carbon is 12, and that 
of oxygen 16. Hence the weight of air required is 
yI X pounds per pound of carbon = n ’59 pounds. 
This gives us 12*59 pounds of carbon dioxide + 
nitrogen. 

If the mean specific heat for the range is taken as 
0 *29, we have 

,, „ 60 = „_i454.L. 

^ 12*59 N 0“29 

whence assumes the value 4090 deg. Fahr., approxi- 
mately. 

In practice, air in excess of the theoretical minimum 
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would be necessary and the temperature would be pro- 
portionately reduced. 

However, temperatures around 2500 deg. Fahr. are 
commonly met with in the case of coal, while figures 
in the neighbourhood of 3000 degrees may be expected 
in the case of oil. 

Cycle of the Furnace Gases and of the Steam. — 

Let us think, then, for a moment of the availability of 
the heat so communicated to the furnace gases in their 
passage from the outside of the furnace (in the form of 
fuel and air) to their linal condition at high temperature 
inside the combustion chamber. We have already seen 
that the maximum availability for conversion into work of 
the heat possessed by a body depends upon the tempera- 
ture at which that heat was added, and the temperature 
at which the balance of the heat may be rejected. 

T — T 

The measure of this availability is ^ 

Now, since the furnace gases under ordinary circum- 
stances are at or near atmospheric pressure, anything 
in the nature of an expansion becomes impossible, ami 
the only way in which a part of the heat energy could be 
recovered from the hot gases directly would be to cool 
them at constant volume back to atmospheric tempera- 
ture, and complete the cycle by an adiabatic or isothermal 
compression. The temperature-entropy diagram for this 
process would be as shown, the area enclosed in each 
case giving a measure of the work done. 

Let, however, the gases part with their heat to another 
body, such as steam under pressure, so tliat expansion is 
possible. We should then have a diagram of the character' 
shown in the next figure, which exhibits the cycle followed 
by the gases in the furnace and by the steam throughout 
the cycle of events occurring in tlie boiler, eiigiiu', and 
condenser. 

It is apparent from the diagram that, even with tin; 
comparatively high steam pressures now in common usi', 
quite the worst feature of the boiler, thermodynamically, 
is the irreversible drop which occurs between the tmupera- 
nf +v,„ Urit craespe; o-n the one side of the boiler 
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tubes or plating and that of the steam on the other. 
Further, if the properties of steam throughout the higher 
ranges of pressure are considered, it may be observed that 
as the upper limit of pressure is raised, the ratio which 
obtains between the heat of vaporization and the liquid 
heat diminishes. Hence the ratio of the efficiency of 
the Rankine cycle to that of Carnot also diminishes, 
falling from a figure of about 90 per cent, when the upper 



Fig. 26. — ^Temperature-Entropy Diagram for Furnace Gases. 


-pressure is 67 pounds per square inch, to 83 per cent, 
when the upper pressure is 1540 pounds per square inch. 

Even supposing it were practicable to use this high 
pressure, the thermodynamic gain would be altogether 
disproportionate, the temperature of saturation being only 
600 deg. Fahr. The desirability, therefore, of selecting 
some substance which will vaporize at temperatures 
which arc conveniently much higher than those of steam 
is apparent. 

The Use of Mercury in Conjunction with 
Steam. — One of the most recent and successful 
attempts to convert a greater proportion of the energy 
available in the hot furnace gases into work is that 
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known as the Emmet Mercury Vapour Process. Under 
this system mercury is used in conjunction with steam, 
the mercury being caused to pass through a cycle lying 
in the upper part of the temperature range, while the 
steam operates in the lower. 

Before proceeding to a discussion of the thermodymunic 
and practical aspects of this problem, a consideration of 
the properties of mercury may not come amiss. 

^ Properties of Mercury and Mercury Vapour.--- 
The relation between the vapour pressure of mercury and 
the corresponding temperature may be taken as 

logic P = ^ -360 - - 0 -052 logic T 

in which 


p is in pounds per square inch, and 
T is in degrees Fahr. abs. 

The heat of vaporization is given bj^ 

L = 128*2 — 0 -022(7 — 860) 


in which L is the latent heat in B.Th.U. 

The specific volume may now be found by the use of 
Clapeyron's equation : 




JL dj 
T dF 


care being taken in its use to express f)rcssure in pounds 
per square foot. The value of rate of increase of the 
temperature with respect to the pressure, for any given 
pressure, may be found from the equation given above,' 
as follows : 

5808 

logic ;^ = 8 -360 — 0 -652 logic 


8 - 3(50 

2 -303 T 

log, /) = 2 • 303 X 8 • 360 - 


- 0-(,S2 

2 -303 

5898 X 2 -303 


0-652 l()g,T. 


<ip L 5898 X 2-303 X dT ^ (IT 

~ - -h 0-052-,-,. 

^ 'The Emmet Mercury Vapour Procass,’ by W. L. K. Jim met, 
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dp 5898 X 2 -303 p ^ p 

“■ 0-652 ^ 


13580 p 0 -652 p 

T* - j 


By way of example, let a temperature of 884 deg. Fahr, 
be selected. It is required to determine the pressure 
which corresponds to this temperature, the latent heat, 
and the specific volume. 

5808 

log 10 P = ^ -360 - - 0 -652 login (884 + 460) 

== 8-360 — 4-389 — 2-039 
P =85-5 pounds per square inch. 


Again, 

L = 128-2 — 0-022(T — 860) 

= 128-2 — 0-022 (1344 — 860) 
= 117-56 B.Th.U. 


Also 

and 


V = 

y m — 

^fp _ 


JL ^ 

T dP 

13580 X 85 -5 X 144 

1344^ 


0-652 X 85-5 X 144 

1344” 


v„ 


= 86 nearly. 

__ 778 X 117-56 

~ 1344 

= 0 -79 cu. ft. 



'I'hc density may then be found from 


I 

Density = „ • 

^ m 

The specific heat of liquid mercury is o *033, as far as 
is known. 

The specific heats of mercury vapour, namely and 
C^, are determined from the following considerations. 

hVom a knowledge of the atomic weight of mercury 
(Hg “ 200) and of the specific gravity of the vapour, 
we conclude that the molecules consist of single atoms. 
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Hence the ratio of the specific heats, according to the 
kinetic theory, should be 1-667. Again, we know that 
equal volumes of different gases at the same temperature 
and pressure contain the same number of molecules, 
and that under these conditions the communicable energy 
per molecule is the same for\all. This means that the 
specific heat of different gases is inversely proportional 
to the molecular weights, since the heat necessary to 
raise the temperature of approximately equal volumes of 
different gases under the same conditions is constant. 

Thus, if we know R in the equation 

PV = RT 


for any gas whose molecular weight is known, then R may 
be found for any other whose molecular weight is also 
known. 

Suppose we take oxygen, for which R is 48 -25. Then 
R for mercury vapour is 


or in heat units 


48-25 X 32 
200 


== 7-764, 


778” 


o • 00998, 


Now from the equations 


= I *667 and — Cy = o *00998 


and Cy may be found to be 0*02/182 and 0*01484 
respectively. 

In calculating the entropy of the liquid the specilic 
heat may be assumed constant and ecjiial to the ligurc 
already given, namely, 0-033. "bhc expression then 
becomes 

-(/)„ = O -033 log. 

■I o 


The evaporation entropy is found from 

X 
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Turbine Cycles for Mercury and Steam. — If the 
foregoing relations establishing the properties of raercury 
and mercury vapour be put to use in the construction of 
tables, it will be found that mercury meets the require- 
ments of a working substance which will operate in 
the upper region of temperature without the use of 
excessive pressure. We may now consider, therefore, 
the thermodynamic advantages to be expected from its 
use. 

Ideally, the more nearly we approach the cycle of 
Carnot, the higher the efficiency of the prime-mover. 
Such efficiency, however, must always be considered in its 
relation to that of the boiler, prime-mover, condenser 
group. It would, for instance, be possible to imagine an 
engine operating on the cycle of Carnot between widely 
separated limits of temperature, which nevertheless 
converted but a small portion of the heat energy of the 
fuel supplied to the boiler into work, on account of the 
excessive waste of heat in the flue gases. 

We might, of course, mitigate this latter evil by 
preheating the air for combustion. If this process 
were carried to considerable length, however, we should 
find ourselves in practical difficulties over excessive 
temperature in the combustion chamber. Practically 
we are compelled, in general, to adopt a compromise and 
agree to tolerate a certain reduction in the efficiency of 
the prime-mover, in order that the boiler efficiency may 
not be unduly low. 

Let us see, first, whether an approach to the Carnot 
ideal is possil)le for the mercury in association with a 
steam-turbine. If the turbine operates upon the Rankine 
cycle the efficiency, as we know, will be less than the 
maximum. 

A nearer approach to the ideal, however, may be 
made by a process known as ' bleeding ' the turbine. 
This consists of tapping the cylinder of a compound 
turbine at a number of points separated by pressure 
increments, and using the steam so withdrawn to heat 
the feed progressively. This has the same effect as the 
regenerative device of the Stirling cycle, and in the limit 
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the efficiency of such a cycle is that of Carnot, since all 
the heat supplied from external sources is added at the 
upper limit of temperature, and all the heat rejected to 
the condenser leaves at the lower Emit. Now, if matters 
are so arranged that all the heat supplied by the furnace 
is used in the evaporation of the mercury, and all the 
heat rejected by the mercury turbine passes into the 
steam at the temperature of condensation of the mercury 
(regenerative feed, heating being employed in both prime- 
movers), we have an ideal arrangement as far as the 
turbines are concerned, the temperature-entropy diagram 
being as shown in fig. 27. 

In the figure the upper limit of pressure has been 
taken as 85 pounds per square inch for the mercury, 
corresponding to a temperature of 884 deg. Fahr., the 
lower limit as 0 *4 pound per square inch, corresponding 
to a temperature of 402 deg. Fahr. 

The upper limit of pressure of the steam is 250 pounds 
per square inch, corresponding to 401 deg. Fahr., and 
the lower limit 0 • 5 pound per square inch, corresponding 
to 80 deg. Fahr., nearly. 



For the purposes of comparison, the mercury cycle 
is plotted for that mass of mercury which c.onld lx; 
vauorized bv the heat in unit mass of the furnace fjases 
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above 884 deg. Fahr. As indicated above, the diagram 
for the steam relates to that mass which could be vapor- 
ized by the heat rejected by the mercury turbine. With 
such an arrangement, however, unless an inordinate 
amount of preheating were resorted to, the gases would 
escape at high temperature. Not only so, but since the 
liquid heat of mercury bears a comparatively small 
ratio to the latent heat of the vapour, there is little 
advantage in applying the principle of regeneration. 

It therefore appears at present as though a satis- 
factory adjustment would consist in using the flue gases 
to heat up the water from that temperature at which 
the steam just became dry and saturated after expansion 
from a moderate degree of superheat, for superheating 
the steam and for heating up and vaporizing the mercury, 
regenerative heating being employed for the feed, as shown 
in the figure. Whatever heat might thereafter be avail- 
able in the flue gases could be applied to preheating the 
air for combustion, and thus increasing the efficiency of 
the boiler. 

The cycle would then take the form indicated in the 
diagram, the following calculations indicating the method 
followed. 

Specific Heat of Furnace Gases. — Let the specific 
heat at constant pressure (C^,) of the furnace gases be 
represented by the equation 

== (0-2309 H- 0*0000159 T). 

Due to the fact that actual gases are not ideal in the 
sense in which this was understood in connection with 
the molecular theory, a certain proportion of the com- 
municable eiKTgy of the molecules takes the form of 
internal vibrations of the atoms of which the molecule 
is composed. Thus if we can conceive of the molecule 
of a gas as being composed of a group of atoms held 
together by quasi-elastic restraints, which permit a more 
or less rapid relative displacement of a vibratory character 
on the part of the atom with reference to the group 
(a motion which becomes of greater importance as the 
temperature rises), we have an explanation of the presence 
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of the second term in the above equation. At very high 
temperatures it becomes desirable to add a third term 
involving a function of the square of the absolute tem- 
perature. 

Ideal Efficiency of Turbine Cycles for Mercury 
and Steam. — Our first concern, therefore, is to find that 
temperature at which the steam just becomes dry and 
saturated, after expansion from a pressure of 250 pounds 
per square inch and, let us say, 100 degrees of superheat. 
This may very conveniently be done by reference to the 
MoUier chart, the pressure at the point in question being 
found to be no pounds per square inch to the nearest 
5 pounds per square inch. This corresponds to a tempera- 
ture of 335 deg. Fahr. The heat idedly available in the 
hot gases is therefore 



■T, 

(A H- BT) ^fT. 
T 


Inserting numerical values we have 
^3460 

(0 • 2309 o • ooooi59T)c?T, 

•' 795 

which gives 

0.2309 X 2665 X »'_5»»M59(346o> - 795') 

% 

= 705 B.Th.U. 

The next step is to find the heat rejected by the 
mercury turbine per pound of mercury passing through 
the cycle. 

From the Mollier chart of entropy and total heat for 
mercury vapour, the dryness is found to be 0-70. Hence 
the heat rejected is 0-70 x 128 -2 =89 -7 B.Tli.U. This, 
by assumption, is wholly employed in the vaporization 
of the steam, and thus the mass of steam concerned 
per unit mass of mercury is the ratio of the heat given 
up by the mercury turbine to the heat of vaporization 
of steam at 250 pounds per square inch, or 89 -7/826 -3 
= 0 • 1086 pound. 
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Thus we obtain the following equation : 

Heat from furnace gases 

= w^(I„ + o-io86 X heat to steam boiler), 
where is the total heat of mercury vapour above the 
temperature of condensation, and is the mass of 
mercury involved per unit mass of the furnace gases. 
Thus we have 

705 |i35-5 + 0-1086 (69-7 + 61-5)} 

and o-io86 x 4-71 == 0-512 pound of steam. 

The diagrams for both steam and mercury may now 
be plotted. The efficiency may also be determined as 
follows ; 

Heat to mercury =4-71 X 135-5 = 637 B.Th.U. 
Heat rejected =0-512 x 826-3 =423 B.Th.U. 
Heat used = 214 B.Th.U. 

Similarly, heat to steam 

= 0-512 (69-7 + 826-3 4- 61 -5) = 490 B.Th.U. 
Heat rejected from steam 

= {<t>suv - X 0-512 = 307-5 B.Th.U. 

Heat used = 182-5 B.Th.U. 

Total heat turned into work is therefore 214 + 182 -5 
= 396-5 B.Th.U. per unit mass of the furnace gases. 

The overall efficiency of the binary vapour prime- 
mover is 

^ 56-3 per cent. 

705 

If the waste gases be used for preheating the air up 
to the temperature corresponding to a saturation pressure 
of no pounds per .square inch, in the limiting case the 
efficiency of the boiler would be unity, since all of the 
heat supphed might then be transferred to the worldng 
substance. 

In the foregoing no attempt has been made to estimate 
probable actual efficiencies, and the chief value of these 
analyses lies in their use for purposes of comparison. 



84 


THERMODYNAMICS 


Other factors remaining sensibly constant, the im- 
portant gain to be anticipated from the use of a mercuiy 
turbine in association with a steam prime-mover is evident. 

Description of the Apparatus. — As was to be 
expected, that design of boiler which functioned success- 
fully for steam would not answer in the case of mercury. 
In the first place, considerations of cost render it advisable 
to reduce the mass of mercury in the system to a minimum. 
The temperatures reached in the mercury boiler are 
much higher than those for steam, and the chances of 
leakage or blowing out of a tube have to be reduced to 
a minimum, both on account of the cost and poisonous 
nature of the working substance. Further, the con- 
ditions under which mercury boils differ somewhat from 
steam. 

While mercury is a good conductor of heat, it does 
not wet steel, and greater difficulty is experienced in 
causing heat to flow from the hot furnace gases to the 
mercury than to the water in a steam boiler. When 
mercury vaporizes, these conditions become rapidly 
worse, and hence it is advisable to expose those portions 
of the boiler containing liquid mercuiy to the greatest 
heat. This is accomplished in the later types of boiler 
proposed for this purpose, by means of a grouj) of dead- 
ended tubes hanging in the combustion chamber, and 
having suitable internal arrangements for promoting 
the rapid circulation of the mercury. vSince the specific 
gravity of mercury is relatively high, a large difference 
of head can be maintained between the tops and bottoms 
of the tubes, and hence boiling prevented until llu‘ 
upward current approaches the free surface. 

The arrangement permits the free expansion of the 
tubes — a most important matter — in order to avoid any 
repetition of stress at the joints, tending to cause fractnn^. 
The joints of all pipes and containers carrying menuiry 
are welded to ensure tightness. 

Oil is used in the furnace for fuel. The hot gas(‘s 
pass upwards through the mercury boiler where evapora- 
tion takes place, the liquid mercury being lieated up in 
a separate heater through which the gases are passed next 
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in order. The residual heat is then used to superheat 
the steam and to heat the feed-water, the gases passing 
off finally at a temperature of from 400 to 450 deg. Fahr. 

The mercury vapour fed to the turbine is discharged 
directly from the rotor in the mercury condenser space 
against the boiler tubes, which, as in the case of the 
mercury boiler, hang downwards freely and are dead- 
ended. In the more recent development of the mercury 
turbine, the rotor is of the three-stage impulse type, 
and is mounted on the overhung end of the generator 
shaft. 

With regard to the durability of mercury it appears 
to suffer little from oxidation at high temperatures, but 
it is considered advisable to reduce the amount of loss 
from this cause by introducing illuminating gas into all 
spaces containing mercury when the plant is shut down. 
Hydrogen and carbon monoxide are reducing agents for 
mercury and tend to prevent oxidation which, even in 
small degree, appears to render the metal adhesive and 
make it difficult to separate finely divided matter. The 
poisonous nature of mercury renders special precautions 
in its use highly desirable. In the existing plant at 
Dutch Point of the Hartford (Connecticut, U.S.) Electric 
Light Company no important trouble has arisen from 
this cause, but it is proposed to enclose all parts which 
carry mercury under pressure, and to subject the space 
so confined to stack suction, in those cases where mercury 
would not naturally be drawn away with the flue gases 
in the event of leakage. 

Recent indications point to the early development of 
the process on a manufacturing basis. 



THE STEAM-ENGINE 


The earliest attempts to convert the energy of steam 
into mechanical form wei'e not, strange to say, along 
the lines of the simple steam-engine. The engine of 
Hero of Alexandria, who lived more than 2000 years 
ago, was a simple form of reaction turbine, and con- 
sisted of a spherical vessel mounted between centres 
and caused to rotate by the reaction of two jets of steam 
issuing from bent pipes at opposite ends of a diameter 
at right angles to the axis of rotation. The world had 
to wait 1800 years before the steam prime-mover played 
an important part in industrial development. In the 
hands of Savery, Newcomen, and James Watt it assumed 
the essential characteristics of the steam-engine of our 
own time, the main line of advance being in the direc- 
tion of greater economy, larger size, and refinement of 
mechanical detail. 

Comparison of the Actual with the Ideal Cycle. 

In the ideal cycles for steam, already considered, no part 
of the heat energy of the working substance wa.s sup- 
posed to be interchanged between the steam and the 
enclosing envelope, con.sisting of cylinder walls, piston 
face, etc. Further, it was imagined no irreversibk' 
processes of the nature of throttling actions took placi'. 
This, however, in practice, is far from the truth. 1 laving, 
therefore, as our objective that design which most nearly 
fulfils the requirements of a perfect engine, kd the records 
of actual engines be examined with a view to discovering 
in what directions improvement may be exj^eeted. 

The most convenient method of analysing the action 
of the steam-engine is by means of the indicator diagram 
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in conjunction with some form of water meter for weigh- 
ing or measuring the condensate or boiler feed, and a 
revolution counter for determining the speed. By these 
devices a record of the relation between the pressure 
and volume of the working substance throughout the 
stroke, and of the weight of steam used per stroke, is 
obtained. 

A typical indicator diagram is shown in the figure. 
In order to locate the axis of zero pressure, the atmospheric 
line is drawn on the card before its removal from the 
instrument. 

When the constant of the spring is known, or has 





been determined by calibration, the pressure scale may 
be laid down. 

The axis of zero volume is fixed by reference to the 
length of the indicator diagram, between perpendiculars 
and to the known value of the clearance, usually ex- 
pressed as percentage of the stroke. 

With regard to the mass of the working substance, 
while it is obviously an easy matter to determine the 
average weight of the cylinder feed, the weight of the 
steam trapped in the cylinder has to be calculated by 
making assumptions which cannot be tested experi- 
mentally. It is customary to consider the steam present 
in the cylinder at the commencement of compression 
to be dry and saturated. Thus the weight of the cushion 
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steam, as it is called, and hence the total mass of the 
working substance taking part in the iietion may he 
estimated. 

The next step is to plot a ‘ saturation curve that 
is, a curve exhibiting the relation lietween tlu; pressure 
and volume of the total mass of steam involv(‘d, were 
it dry and saturated. 

In order to simplify matters, the whole proc.ess may 
be thought of as taking jdace in the cylinder, heat being 



Fig. 29. — Teinperaturc-JCniropy Diagram for Actual (',ycl»t of 
Steam- ICnginc. 


added and rejected by arrangements similar to tliose 
imagined in the case of the ('arnot engine. 

The temperature-entropy diagram may now be 
plotted, from the cou.sideration that for any point on the 
indicator diagram the dryness of the steam is measured 
by the ratios 

OM O'M' 

ON' O'N'' 

whence the entropy is found by dividing ON. O'N', (‘1(‘. 
in the same ratio. 

If now the ligure so obtained be (‘xainiiu'd by 
icfcrence to the ideal Rankiiie cycle!, sc‘vc'nd points of 
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divergence causing important losses of work may be 
observed. 

During admission the curve (i) (ii) slopes downwards, 
due to pressure drop as a result of frictional losses in the 
inlet channel. This is in the nature of a throttling action, 
and while, as we have seen, the total heat is carried over, 
the action is thermodynamically wasteful, since heat is 
removed from the steam in order to perform work against 
these resistances and is later restored at a lower tempera- 
ture. Next we note that the curve (i) (ii) stops far 
short of the point reached by the corresponding curve 
on the ideal cycle. This loss is caused by initial con- 
densation of the live steam against the comparatively 
cool and moist cylinder walls and piston face, and is 
perhaps the most serious of all the losses with which the 
ordinary steam-engine has to contend. While the curve 
of expansion (ii) (iii) invades the lost area to some 
extent, due to partial restoration of heat and consequent 
re- evaporation, the action is such as to cause loss of 
availability of the heat for the performance of work. 
Proceeding, the effect of incomplete expansion is seen to 
be responsible for the withdrawal of the heat equivalent 
of the area under (iii) (iv) down to abs. zero, of which 
a portion is still available for the performance of work. 
The temperature-entropy diagram further shows very 
clearly the ill-effects of high back pressure. It may be 
observed that as the pressure falls, the width of the 
corresponding temperature intervals increases. Hence a 
back pressure of the order of 18 pounds per square inch 
causes a large loss of work when compared with the 
ideal figure drawn, say, for i -o pound per square inch. 

Development of the Steam-Engine. — ^From tlie 
time of James Watt these guiding considerations, notably 
the ill-effects of cylinder condensation, have been recog- 
nized and have been the determining factors in the evo- 
lution of the steam-engine. He it was who contributed 
the separate condenser and the steam-jacket, both devices 
aiming directly at a reduction of the condensation losses. 
It miglit appear at first sight as though the addition of 
the steam-jacket merely increased the area exposed to 
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radiation and convection. Its effect, however, is, on the 
whole, usually beneficial, since it tends to keep the cylinder 
walls dry. When in this condition the tendency towards 
initial condensation is greatly reduced. 

Superheating has a similar effect, and represents at the 
same time a slight thermodynamic gain, in that a part of 
the heat taken in, in this way, has a greater availability 
for conversion into heat. While a moderate dc^gree of 
superheat may not entirely prevent initial condensation, 
there is a strong drying tendency, and heat lost on (‘iitry 
is restored at an earlier stage of the cxi)ansion. ('om- 
pounding possesses both mechanical and thennodynamie 
advantages. Each cylinder is subjected to but a fraction 
of the total temperature range of the steam, and tin* 
effect of two, three, or four cranks, as the case may be, 
is to even the torque and reduce the vsize and weight of 
the working parts. Even with these arrangenKjnts, how- 
ever, large economies are still possible. 

The Uniflow Engine. — Perhaps the most nola.ble 
advance in steam-engine design in recent years is llu‘ 
uniflow engine. 

The important feature which differentiates this class 
of engine from its predecessors is the use of a central 
exhaust belt in a comparatively long cylinder, fitted with 
a trunk piston, which functions also as a release valve. 
Steam enters at both ends of the cylincku' alt(*riia.lc'ly, 
by short passages, and Hows towards the central ring of 
exhaust ports, which arc uncovered as the trunk j)istoii 
nears the end of its stroke. 

A high vacuum in the condenser is essential unk'ss 
auxiliary exhaust valves be employed, sinc(‘, on tlie n‘tiirii 
of the piston, compression begins very early in tlu* stroke* 
and a back pressure in excess of the inlet pressiin* would 
result with clearances of normalproportions. 

A characteristic diagram from an engine of this 
type is shown in the lig. 30. A consideration of this 
indicator card shows that the temi)eraturt‘ ranges of 
any circumferential belt of the cylinder surfaces is 
smaller than in the case of the ordinary stcain-engiiu*. 
Under steady running conditions a temperature gradient 
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from the inlet ends to the central exhaust ports is 
established. 

Thermodynamically, the arrangement is highly satis- 
factory, and while at a disadvantage in some respects 
mechanically, the saving in steam is remarkable. The 
best results are obtained with high vacuum, but some of 
the advantages are retained in non-condensing service, 
auxiliary valves being employed to obviate the necessity 
for large clearance spaces. 

Figs. 31-35 illustrate the ' Universal Unaflow ' engine, 
manufactured by the Skinner Engine Company of Erie, 


32 i 



Fig, 30, — Indicator Diagram of ' Universal Unaflow ’ Engine. 


Pennsylvania, U.S.A., the relations of the various parts 
of the mechanism at the several events of the cycle being 
well seen. 

Temperature-Entropy Diagram for Uniflow 
Engine. — Fig. 36 shows the characteristic form of tem- 
perature-entropy diagram for an engine in which the 
initial losses due to cylinder condensation have been 
reduced to a minimum. In order to interpret the figure, 
it must be remembered that the working substance is 
divided between the cylinder and the boiler on the one 
hand, and between the cylinder and the condenser on the 
other. Consider the curve (i) (ii). During this stage 
the mass of the working siil)stance in the cylinder is 
increasing. From (ii) to (iii) the total mass of steam 
taking part in the action is present in the cylinder. From 
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(iii) to (v) the mass is again diminishing, and from (v) 
to (i) we have only the cushion steam in the cylindoi. 
If it be desired, for example, to determine the nature of 
the latter action in which the clearance steam alone is con- 
cerned, it is necessary to plot an adiabatic for compaiison. 
This rnay be done by setting olf fiom the water curve for 
the cylinder feed alone, another curve such that the 
horizontal displacement is constant and eqtial to the 
entropy difference between the cylinder feed and the total 



30. — TempcraturO'-luilropy J)ia,|^rani from hulicalor (.ard 
of ‘ Universal Uiiallow ’ JCngiiu*. 

mass taking part, at the commencement of compression. 
If the diagram has been plotted per unit mass, then tlu; 
water curve for the cylinder feed is plotted for that mass 
which bears the same ratio to unit mass that the ma.ss of 
the cylinder feed bears to the total mass of the working 
substance. In generM, the state point on tlu^ temperature- 
entropy diagram corresponding to any given co-ordinates 
of pressure and volume gives a measure of the sum ol the 
entropies of the parts into which the working substance 
is divided. If the condition of one part be known, then 
that ol the other may be found. 

The Performance of Steam-Engines. The usual 
commercial method of stating engine performance is Iry 
means of water rate— that is, the number of pounds of 
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steam consumed per indicated or per brake horse-power 
hour. In order to make comparisons it is necessary to 
apply suitable corrections to take account of varying 
initial total heat of the steam. By stating the perform- 
ance as an efficiency, or better still as a relative efficiency, 
the reference being the Rankine standard, any ambiguity 
is avoided. 

The observations which must be made in an engine 
test consist of the mass and condition as to dryness or 
superheat of the steam supply, the indicated horse-power 
and the brake horse-power. 

Further, if a complete heat account be desired, it is 
necessary to measure the heat given up to the condenser 
and to the steam jackets, loss in hot well, etc , the balance 
of heat otherwise unaccounted for being put down to 
radiation, leakage, etc. 

In determining the dryness of the feed, the steam 
sample is commonly throttled in a suitable calorimeter, 
a slight amount of superheat being produced in the pro- 
cess. As the condition of the steam is readily measured 
after throttling by means of a thermometer and pressure 
gauge, the total heat before throttling is thus found, and 
the dryness calculated. Some care is necessary in securing 
a fair sample of steam from a pipe. Even so the results 
are commonly unreliable. The mass of steam supplied 
in' any given time is easily found by weighing or gauging 
the condensate or by measuring the boiler feed. When 
the latter plan is adopted, the test must, in general, be of 
greater length, in order to render any error in estimating 
the level of the water in the boiler inappreciable. The 
indicated horse-power is frequently used as an index of 
engine performance on account of the ease with which the 
test can be carried out. 

The essential features of a satisfactory indicator are a 
carefully fitted cylinder and piston, together with a linkage 
which is free from backlash and has the smallest possible 
inertia. The spring should be removed as far as possible 
from the effects of temperature changes, and calibration 
should be carried out at the temperature which the spring 
assumes in service. An inextensible cord should be 
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employed to drive the drum, as quite important errors 
are liable to arise from the use of a long cord possessing 
an appreciable amount of elasticity. Care should be taken 
in use to see that the control cock is fully opened and 
throttling thereby avoided. 

The brake horse-power of engines of moderate power 
is usually measured by some form of band or water brake, 
which gives the torque. Electro-magnetic devices may 
be used in the same way, the prime-mover driving the 
armature, while the field is prevented from rotating by 
suitable balance weights. The torque being known, the 
power output is found when the number of revolutions 
per minute is known ; thus 

Horse-power = 2k FN 33000, 

F being in pounds-feet, and N in revolutions per minute. 
For large powers absorption dynamometers are unsuit- 
able, and some form of transmission dynamometer must 
be employed. For instance, in estimating the net power 
delivered to the propeller of a ship, the twist of the shaft 
over a short length is measured by noting the angular 
deflection of a beam of light reflected from a mirror 
mounted on a collar on the shaft in such a manner that 
the relative angular displacement of two sections of the 
shaft a known distance apart causes rotation of the mirror 
about its axis. The twist of the shaft being proportional 
to the applied torque, the horse-power can be determined 
when the number of revolutions arc known, and also the 
relation between the displacement of the beam of light 
(which flashes momentarily on the scale) and the torque. 
The latter constant is usually determined by a static 
test in the shops before assembly of the particular section 
of the propeller shaft upon which the torsion meter is 
mounted. 
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Temperature -Entropy Analysis of Indicator 
Diagram from ‘ Universal Unaflow ’ Engine 

By Messrs. Skinner, Erie, Penna., U.S.A. 


The following data were obtained from a test of a 21-inch 
bore, 24-inch stroke ‘ Universal Unaflow ’ engine. The 
engine was direct-coupled to a 200-k.w. General Electric 
Company’s generator. 

Hourly water rate, less jacket steam 4371 pounds 
Revolutions per minute . . . 197 

Percentage moisture in steam as supplied i • 8 

From the constants of the engine and the known speed, 
we find that the average feed per stroke is 


4371 

2'i64-^ = °-"^5 pound. 

The volume of the cylinder, neglecting for this purpose 
the volume of the piston rod, is 

3-14 X I *75^ 

— X 2 = 4*8i cubic feet. 

The total clearance is given as 6-68 per cent, of the 
stroke. Hence the total volume of cylinder + clearance 
is 

I -0668 X 4-81 = 5-13 cubic feet. 


In order to determine the total mass of the working 
substance, some assumption must be made with regard 
to the condition of the clearance steam. For the purposes 
of this analysis let it be supposed to be dry at the end 
of compression. From the indicator card provided, this 
latter point would appear to occur at, or near, 118 pounds 
per square inch. The volume of unit mass of dry and 
saturated steam at this pressure is 3*79 cubic feet. 

Hence the mass of the steam shut in the clearance 
becomes 

Vrf 0-321 

V~ "= 2- '7(1 = 0-0847 pound. 

V 118 o 79 
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Thus the total mass of the working substance is 
0 *27 pound. 

Let, now, the indicator card be taken and scales of 
pressure and volume set up. The card should be mounted 
on the drawing board with the atmospheric line horizontal. 
With the set square, two vertical lines are then drawn to 
touch the diagram at either end. The horizontal distance 



Fit), 37. — Indicator Card from ' Universal Unailow ' Fnginc 
under test. 

between these lines is tlien a measure of the volume of 
the cylinder 

Taking ()-()8 j)er ciail. ol this distan('(‘, the liiu‘ 

of zero volume. 

The axis of zero ])ressure is then drawn, the indii'.alor 
spring constant being known. U.siug an 80 ])()unds \)ri' 
square inch per inch spring, calibration show(‘d that a 
correction factor of i *oj should b(' applied. 1 liis nu'ans 
that for every inch vertically the pn'ssun* ('hanges by 80 
times 1*03, equals 82*4. Diagonal liius will 1)(‘ found 
very convenient for setting oft both tin* pnssurc' and 
volume scales. 

The saturation curve is tluai plottc'd, and tlu‘ '!'(/> 
diagram drawn as above ex])lained. 


THE STEAM-TURBINE 


The failure of the steam-engine to make complete use 
of the heat available in the steam, as shown clearly on 
the temperature-entropy diagram, gave the steam-turbine 
its opportunity. At one time used to complete the ex- 
pansion of the steam from the exhaust of ordinary 
reciprocating engines for marine purposes, its sphere of 
usefulness has grown to include the whole range of 
expansion. Not only are the losses peculiar to the steam- 
engine largely avoided, but a much larger output of power 
per cubic foot of space occupied is obtained. The 
essential distinction between the steam-turbine and the 
steam-engine is that, whereas in the latter the work 
available is transferred directly to the mechanism, in the 
former the available energy of the working substance 
is employed to set the steam itself in motion. The dis- 
cussion therefore naturally falls into two parts — namely, a 
consideration of the means whereby the maximum amount 
of heat ideally available in the steam may be transformed 
into kinetic energy of the moving jet, and the ways in 
which that energy may be recovered in the form of 
mechanical work. 

Turbine Nozzles. — Referring to the formulae already 
developed relating to the flow of fluids, we note that if 
the ratio in which the pressure falls is less than that given 
by the expression 



the nozzle will have a throat and will consist of both a 
converging and a diverging portion. In practice, it is 
found sullicicnt to provide a smooth, well-rounded entrance 
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which is short compared with the diverging puitiun- 
generally a simple conical frustum. 

Fig. 38 shows the profile of the nozzles used on the 
l)e Laval turbine manufactimed by Messrs. Greenwood 
and Batlcy, Leeds. 

This is an impulse type of machine— that is, the avail™ 
able energy is developed wholly in the nozzle, the pressure 
of the fluid in which the rotor revolves being sensildy 
constant. In the reaction type of turbine, the channels 
formed by the blades of the rotor also function as nozzles, 
and a drop in pressure and increase in the velocity of tlie 
steam takes place in them. In order to calculate, tlie 
discharge from a nozzle the formula already found may 
be applied — namely, mass of discharge in pounds per 
second 






- ' M 1 

I)'* — 1) » 


Since supersaturation persists in general at least a,s far 
as the throat, the appnjpriatc value of }i will be J -j. 
The formula then becomes, on reduction 

= <>-3155 

^ 1 

/) being in pounds per s(]u;ire inch and A, tlu! area of 
the throat in scpiare itudies. 

In order that the exit area of (he nozzh^ may hi- suit- 
ably proiiortionod, tlie velocity and condition of the 
steam on leaving the nozzle nnist lie known. In order 
to determine these cjuanlities n'conrse may Ix' had to Die 
Mollier chart of !</), accoimt lining taken of the combined 
inlhience of supersatnraf ion and frie.lion. In praelic.e 
it is impos.sible to separate these two efh'cls, and observa- 
tion alone can delcnnine in any givim case what projiortion 
of the heat available is returned to the steam. I Ids lu'ing 
known, the result may he ajiplied to other similar ea.ses 
and the velocity and dryness on e.xit cahuilated. Kefi'i’ring 
to fig. 24, (ii) (iv) is (he ideal heat dro]) tinder sttdile 
conditions, (ii) (iii) is that for sii])ersiitnnited stetun, 
down to the pressure at the throat. 
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If reversion be supposed to occur at that section, the 
state point moves to (iii)'. (iii)' (v) would give the heat 
drop from the throat to the exit, friction being absent. 
Due to the restoration of a certain amount of heat to the 
steam the state point departs to the right, the steam 
becoming drier than for isentropic expansion and the 
heat available for the performance of work diminishing. 
The velocity is found from 

= V2gJ - I(^y) 

The total mass of the discharge from the nozzle having 
been calculated, and the dryness and velocity of the steam 
at exit being known, the area at exit is given by 


P. 

Pp. 

P2 


Fig. 39. — The Relations of the Pressure and Volume of Steam 
during expansion in a nozzle. 



The matter may also be studied by reference to the 
PV diagram. 

In the early stages of expansion, the steam follows a 
law of the form PV^**' = a constant, or, more precisely, 
P (V — — constant, V„, being the volume of water 

at freezing-point. This part of the expansion curve is 
represented by (ii) (iii) on the diagram. 

On reversion the point (iii) moves to (iii)', the work 
lost by supersaturation — namely, the area (ii) (iii) (iv) — 
appearing as heat in the steam. Thereafter the effect 
of friction, which has been disregarded in the expansion 
to the throat, is to increase the apparent work, but to 
diminish the net work done upon the steam, since the 
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area (iii)' (v) (v)' is obtained at the expense of the kinetic 
energy of the steam. Actually no such complete reversion 
to equilibrium conditions occurs as suddenly as suggested 
by the figure. Partial reversion probably occurs before 
the passage of the throat, and a certain amount of super- 
saturation doubtless persists as far as tlie later stages 
of expansion. The experiments of Wilson indicate that 
in the absence of suitable nuclei, such as are ordimirily 
present in the form of particles of dust, condensation does 
not apjicar to begin until the ratio of the ac.lual jin'ssure 
to that of the pressure corresponding to the t(un])('rature 
reached during the expansion is eight, 'fhis is known as 
the Wilson limit. 

An example may serve to make this tdt'ar. 

Suppose it is desired to dettaanine the i)ri\ssiin‘ at 
which reversion will occur in the ca,se of stmin initially 
dry and saturated at a pressure of loo ])ounds pi‘r s(|uan‘ 
inch. 

For the expansion of the sii])ersa,( orated sttaini, we 
have a law of the form ^ (‘onstant. 

Also, on the a,ssum])tion tlial siip(‘rsa.lura(ed slcaim 
follows the law relating the i)rt‘ssure volunu' and t{'in[)(‘rar 
ture of a gas, we have PV -- > R'f. 

Now one-eighth of loo jiounds jH'r s(|iiar(! imp is le ’5. 
Tlie temperature corresponding to this pr(‘ssiire is ..io.| d(‘g. 
Falir., nearly. 

Jd’om the two laws above (uted we obtain 



P,. ineaniiig tlu‘ pressun' on nAa'rsion, and 
meaning the tmnpi'raturc* on rt'vaasion. 



' ^ 17 '45 pounds pt‘r s(|iiari^ iiu'li. 

this cxampleshows that reversion (X'c.urs almost ininu'- 
diatelv after the ])assage ol the throat. W hile this vit'w is 
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not strictly in accord with the facts, for the purposes of 
calculation it raay be assumed that in a convergent- 
divergent nozzle friction may be neglected as far as the 
throat, and stable conditions of thermal equilibrium, 
in which friction is the important factor causing depar- 
ture from the isentropic, may be assumed to hold 
thereafter. 

Friction in Turbine Nozzles. — Various factors 
affect the actual efficiency of the nozzle, causing, in 
general, an increase or diminution of the loss due to 
friction. The initial quality of the steam, the length and 
condition of the internal surfaces of the nozzle, and the 
magnitude of the heat drop, all affect the final result. 
A formula, due to Mr. PI. M. Martin, may be used to find 
the efficiency : 

Effy = 1 102 *7 — o-o6 (I^ — la)} per ceilt. 

Ii — I2 being the heat drop. This expression should 
be used only in those cases in which the heat drop is in 
excess of the drop to the throat. In general, in those 
cases in which a divergent portion is necessary for complete 
expansion an average efficiency of 90 per cent, may be 
anticipated, with a range of 5 per cent, on either side of 
the mean. Should the exit area of the nozzle be improperly 
proportioned, important losses are liable to occur. If, 
for instance, the exit area is too large, the steam pressure 
falls below that of the back pressure before discharge, 
and over-expansion results. This has more serious 
effects than undcr-expansion, of which a certain proportion 
may lie tolerated, without important loss, at full load, so 
that at lighter loads the error tends to diminish, due to 
throttle valve control of the How. 

Turbine Blading. — ^Though not strictly a thermo- 
dynamical jiroblem, the means whereby the kinetic energy 
of the moving column of steam is extracted may appro- 
priately lie considered here. 

Let a jet of steam impinge upon the inner tip of a 
semicircular vane as shown in fig. 40. 

Consider the vane in the first instance to be at rest. 
Then, if the effects of friction, etc., be neglected, the 



sltniiu pass<‘s from Hit* vaiu* willi i(s orif^inal velocity 
uiidinuiushcd in laaKtiitiidt* lm( n'verscd as to cUnsdion. 

l.td now the vaiic move 
with oiit'diaU the vtdoeity of 
lilt! stt*am, and t'ousider what 
happtais. I ht* relative,* velocity 
ol vane and sttuim ou entry is 
tnu^-half v. If, as htdore, 
friction he lU'f'ltsdtHl, llu* nda- 
tivt* velocity will n*maiii con- 
stant in mai^nitiidt*, allhou|i»h 
I'C*. j‘». I'Mmw (if StiMin llu* diitsdiou of ndative motion 
Aiur,. ,i si.itmn.uv Van.*, ^,xi\l chant*t‘ in t he passajf^e across 
t ht‘ vam\ 

Kh*f(*rrii4( to hic. .|i. tin* actual vtdocily of tin* 
sttsim at any piunt is dtdc*rminetl from tht; cotisidta-ation 
that tla* vtsdor sum <»f the velocity of tht* sttsim n*la.tiv(i 
to tint vane ami tht* vtdocity of the vam*, is ihv vtdocuty 
of tht* sttsuu rt*lati\“(* tt> tin* franu* of tlu* matduius 

If any imafpn 
alivt* ililticulty is 
(‘\peu{’nct‘tl in 
tltsdini^ with the 
prohlem of rela 
ti\*e Velocit i(»!;, a 
useful lulc is till* 
following: : Iiu 
])rt‘s’; upon both 
bodies the velt» 

( ity of t lie bod\ 
of referenct' re 
versetl. 1 h is 

I . , I , lo'* -j 1 Miiw (if ‘ilcMin i>\(i .1 N'.iiif 

lamir* lUc iio(iy iiniviur uiih ii.m the \ci(-( ii\ ni Uic jet, 

of refchsice to 

r(*st without altering, the nhitis'e velocity of llu' two 
bodit's, 

\\ht*n, tlaaefore*, the steam li.is ctjiupleted tlu’ ciK'iiit 
of th(‘ ju’inicii cular vane it!i actual velocity is /rn'o, and 
ideally all tlu* kinetic enci‘/*.\' orie.iually possessed has Ixsai 
pi\’en up in doini; work upon llu* vamv 
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In most types of turbine the jet enters the wheel at 
an angle to the plane 
of rotation and may 
pass through one or 
more moving rings 
alternating with fixed 
guide blades. Fur- 
ther, as already noted, 
the channels between 
both fixed and moving 
blades may function as 
nozzles and thus serve 
to increase the velocity 
of flow at the expense 
of a part of the avail- 
able total heat. This 
latter class of machine 
is known as a reaction 
turbine in contradis- 
tinction to the impulse 
type in which the transformation of heat energy into 
kinetic energy takes place wholly in stationary nozzles. 



2^° Moy/A/G 


Fig. 42. — Shows Entry and Exit Velocity 
Triangles for two rows of moving and 
one row of fixed blades. 



^ — Convenient method of drawing Velocity Triangles for a 
series of blade rings and from which the work done upon each ring 
and llu‘ end thrust may be readily determined. The diagram 
is drawn for an axial How machine. 


Work done upon Turbine Blading. — Consider the 
equilibrinm of any element of the jet of steam which 
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flows over the surface of a turbine blade. Tad the change 
in velocity which it suffers in second be civ feet per 
second. Then the reaction of the segment of the vane 
with which it w:is in contact during the action is obtained 
fi'om Newton's law, 



P being in pounds when m is in pounds. 1 f in 1 he present 
in.st;mce m pounds of steam are flowing per .second, the; 
mass of the element in (picstion is in dt. 



Fig. — Dcicnniiialion of tli(‘ J’n‘ssur<' upon an Flcnuuil of a 

'rurbinc l>lacl(‘. 


Hcncc the pressure on tlie vaiu' s(‘/.^nu‘nl is 


which becomes 


dV - 


m dt dv 
f’di 


dV =- 


in dv 


Now velocities are vector (piaiililies and miisl be 
summed by the ])arallelogram law. Wlieii this is done, 
the total pressure upon the vane is given by 


P . 


m 

1 ) 


where w„„,, is the total cliange of velocity of tlie steam. 
1 he line of action of the n'sullant jirc-ssurc on the vaiU' 
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whose equilibrium is under consideration is paiallel to 
the direction of the impressed velocity, and will, in 
general, be inclined at an angle to the plane of rotation 
of the wheel, in the case of axial flow machines. In order 
to find the point of application of this resultant, the vane 
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I'lG. tlio (aNUTal Principlt'S of Iho I-low of a Fluid 

over a VaiuN 


may lie dividc'd into a, series of segments, and the force 
111)011 eaeli determined. The resultant of this system then 
intc'rsecls the profile of the vane at a point such that the 
effect of the resultant acting alone is the same as would 
be observed liy tlic several components acting separately. 
1 'he strc'sses induced in the vane may then be computed 
by (be principles of meclianics, the vane as a whole, of 
course, being considered. 
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In order to find the work done upon the blade, the 
component of the pressure between the vane and the 
steam in the direction of motion of the blade must be 
determined. The total change of velocity in the direction 
of motion of the vane is given by the algebraic difference 
of the tangential components of the actual velocities at 
entry and exit. These quantities are known respectively 
as the ' velocity of whirl at entry ’ and the ‘ velocity 
of whirl at exit.’ 

Hence we have the following equation, which is of 
considerable importance : 


Work done per pound of steam 



in which Vi, is the velocity of the blades 

is the velocity of whirl at entry, 
and is the velocity of whirl at exit. 


Regard must be paid to the sign of the v(‘lo('ity of 
whirl at exit. If the component of the actual vtTx'.ity 
at exit in the direction of motion of the exit ti]:) is in lh(‘ 
opposite direction to then the (luantity within ilu* 
brackets above is an arithmetical sum. 

For a radial ilow machine the rc'pn'ssion Ixx'oiiu's, 



in which is the velocity of the lij) of the l)la(](‘ at 
entrance, 

and is the velocity of the tip of tin* l)lad(‘ at 

exit. 

The component of the pressure b(‘tween tlu‘ stt'ain 
and the vane at right angles to the laltca's motion doi's 
no work, but, in the case of axial How nuichines, produce's 
an end thrust upon the rotor, which must 1 h‘ takc'ii up 
by suitably proportioning a dummy jhston upon tlu' 
rotor spindle or by a thrust l)lock. 

Friction in Turbine Blading - Due to sliock at 
entry and other causes, a part of tlu^ kineti(' eiu'rgy of 
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the steam flowing over the surface of a turbine blade is 
turned into heat. Hence the velocity at exit is always 
less than for frictionless flow. For impulse machines, 
in which the effect is not masked by increase in the 
velocity of flow due to drop in pressure across the ring, 
Professor Goudie gives 

I ’^relen 

’^relex ^ |^*75 “h 23 000 



THE WESTJNGHOUSE IMI^UI.SI^- 

REAcrrioN 'ruRBiNi<: 

Tiik followin^^ account may sorvt^ to giv{‘ sonu‘ i(l(‘a, of 
the design of a inodtTii turbim*. 

The Turbine Stator.-- As may Ik' seen from fig. .(b 
the turbine cyliiukT is split liorizontally in two st'clions. 

The top half of the cylimU'r is ])rovi(le{I with. (‘yiTolts 
for lifting, and a s(‘ntinel valvt' which operates if ih(‘ 
pressure should l)uil(l up in th(‘ (*xhaust beyond a. saf(‘ 
limit. The cylinder is conie'ally bon‘d, ])rovi(ling a uni- 
formly expanding passage' for the' slt'am How tlire)ugh 
the Idadiiig. This form of ])rorilt^ le-nds towards tlu' 
reduction of e'ddy losses. 

All the^ stationary blades, bolli im])ulse and rcaeiion, 
are? installed dirc'ctly in the' stator, 'fhe exhaust chamber 
side walls of the latte'r are' of sunie'ie'iil strength to take' 
the entire? we'ight of the' e^onde'iise'r, whie'h may tlius be' 
bolted directly to the' (‘xhaust tlaiige', thus eliminating 
an expansion joint. 

The machine? has no Ix'dplate'. 11i(' Ix'aring pads 
arc cast integral with both tlu' turbine' and gciH'rator 
stators, and re'st dire'edly on the* foundat ions. 'I'ln' 
governor end of the turbine' rests upon a hearing pedestal 
bolte'd to the Uj’)])e'r llange' of an I be'am, whi('h is seemred 
in the foundation cross-wise' to tiu' tnrhiiie' axis. Hk' 
longitudinal expansion of the' turbine' elue' te) te'inpe'rat m e* 
changes is the'ii take'ii care of by the' ele'tle'ediem e)f the' 
beam ill the heirizontal plane'. 

Four bk'cder e)pe'nings are* j)re)\'iele'el in the' tmbine' 
for the extractie)!! e)f ste'am whiedi may be' use-el fe)r lee'eb 
water heating. 




IMPELLER OIL PUMP. DUMMY PISTON IMPULSE REACTION BLADING, 

AND BLADING. 

LABYRINTH SEAL. 

Fi«;. 46. Westinghouse Impulse Reaction Steam Turbine. 
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These openings, it may l)c observed, arc tai)pe(l off 
at progressively lower pressures, and consec]iU‘ntly 
temperatures, and this device is in accord with funda- 
mental thermodynamic principles of economical opera- 
tion. If such openings could be iiKkTmitely increased 
in number, the cycle would approximate more and more 
closely to the regenerative cycle of Stirling, and tlu‘. 
efficiency, for the assigned temperature limits, would bo 
that of the Carnot cycle. 

The Turbine Rotor. — The rotor consists of two 
high-grade steel forgings, carefully aiineal(‘d and 
accurately machined all over to ensuri' uiiiformily of 
centrifugal stresses and balance. 

The two sections are forced together with a long 
spigot centring fit. (The joint is not shown in the cross- 
sectional elevation.) A vSufficient iiumbi'r of h(‘avy lap 
bolts are i^rovidcd to hold the two parts seciirt'ly at all 
times, without the aid of the press fit. 

The governor end of the spindle is ]na(^hiii(‘d to form 
a dummy piston as shown in fig. 4 f). This piston is 
provided to counterbalance the end thrust, dm* to the 
difference in pressure of the steam enltaing and h‘a.ving 
the reaction blading, and to the axial dynainic'al tlinist 
ui)on the blades. Any additional end thrust not ('.ountt'r- 
balanced by the piston is amply lakcMi care of by the 
Kingsbury thrust bearing. This thrust block op(‘rah‘s 
upon the same principle as the Mitchell, and (h'jHMids 
upon the high resistanct^ to pressures offen'd by W(’dg(‘ 
shaped oil films, drawn in between a .stales of tilting 
bearing pads and the thrust collar. 

The rotor carries two rows of im])uls(! blades, followed 
by eighteen n)ws of reaction bladt's. d'he complete 
spindle is accurately balanced in a dynainit'. balancing 
machine before mounting. 

In order to reduce leakage of sttnin ])ast the diimniy 
piston, the usual packing methods (ni])loyt‘d in rt'eipro- 
eating engine practice are not used. Inst (aid, a .series 
of deep collars are macliimal on the ])ist()n as shown 
in fig, i|8, and these rotate within ('orn'sponding tins 
made of brass strips which arc .secured around the imu'r 
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circumference of the stator cylinder. The clearances 
between the stationary and rotating elements are made 
as small as practical_^ considerations will permit. Any 
steam which escapes through the labyrinth is returned 
to the low-pressure end of the turbine. 



iMr,. .|.S. Pt'riphci'al Labyrintli Seal on J-)iiniin_y Pibton. 


Steam Chest and Admission Valves. — The turbine 
is (‘(juij)p(‘(i with east-steel steam chest superimposed 
on the cylinder covc'i*. It contains two admission valves 
of the halanct'd poppet type, which are hydraulically 
operated by oil under pressure and under governor 
control. Thes(' valves control admission of steam to 
two sc'ctions of the nozzle chamber, around which are 
corresi^onding groups of nozzles in which the steam is 
])artiaily expaiuU'd and directed upon the first row of 
impulse blades. With this arrangement of an impulse 
stage preceding the succeeding reaction stages, any 


leakage over the tips of the blades in the eiirly stage's of 
expansion, when such leakage would be relative'ly diHicult 
to keep within reasonable limits, is entirely avoidcxl, 
since there is no pressure drop across the impulse rings* 

The valves are made of steel and lilted into steel 
cages secured in the steam chest. 

Movement of the valves is caused by oil pressun^ 
acting upon an operating piston connecttid to tlu; valves 
by linkage. 

Pressure upon either side of the piston is controlkul 
by a relay valve operated by the gov(‘rnor. 

Blading. The iin]nilse Idach's art' drop-forgt'd from 

5 per cent, electric furnace nickt'l sletl, and art', fmislu'd 
smooth and true. The first row is inclu'S with: an 
unusually broad design inteiidt'd to miniinist^ tlu^ 
deleterious effects of erosion, 'fhest' iinpulst' bladt's art' 
held in the rotor by a double-tongiu' groove and fiirtht'r 
secured by wedges, this feature l)eing dt'sigiied to })i‘('- 
vent the localizing of vibration at the narrow st'clion of 
the Idades. Vibration in the diri'clion of rotation is 
prevented by lashing the blades togt'tht'r at tiu'ir tii)s 
by a strip of steel fitted in a re('la,ngiila.r groovi' cut in 
the ends of the bhuU'S and caiilkc'd and welded, 'flu' 
blades are lashed in groups to allow for (‘xpansion. 

All reaction blading is madti from manganesi' copp(‘r, 
except the longer, low-pressure moving blades, whi('h an^ 
drop-forged from 5 per ct'iit. nicki'l st(*el. 

]u)r use with the blade's seeaire'd in the <loubl(' lon/pu‘ 
grooves in the rotor, tlu'U' has bee'ii (h'Vrloped a bladi* 
locking (Twice, wlu'n'by tlu^ l)lading may e.xleiid ('om 
pletely around the cin'iiinh'rt'iKU', with no oiiiissioii for 
blank closing piece's. (Sc'c tig. .|().) 

The mangan(‘Se-cop[H‘r blade's art' relaiiie'd in dove 
tailed greioves, as she)wn in (ig. 5e). haeT blade* lias out' 
end up.set and a small pre)jectiiig foot formed, wliie'h 
hooks under a we'elge'-shape'd pae'kiiig piece lilting (lu* 
groeive, and inserle'el Ix'lwc'e'n (‘ae'h sue'ct'ssive' blade in 
a row. The nickel-stt't'l rt'aedioii blade's an* seeairt'd in 
doublc-teingne gre)e)ves with double' we'dges. 

All reaction blade's arc fasle'iu'd toge'tlu'r in see'lions 
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by a round wire inserted through a hole in each blade, 
and soldered thereto. 

The minimum clearance between the tips of the 
moving blades and the cylinder is 0-028 inch, which 
occurs between the tip of the shortest moving blade and 
the cylinder. This clearance is gradually increased until 
a maximum of 0-096 inch is obtained between the last 
stationary blade and the rotor. While it is advisable 
to keep the space through which steam may leak from 
one stage to the next as small as possible, clearances 
must be made sufficiently large to ensure thorough re- 
liability against blade rubs. However, as a precaution 
against serious damage, the thickness at the tip of each 
blade is reducc^d to a thin edge. vShould contact occur, 
these fine edges will wear down or burr over without 
oilier important consequences. 

The Governor. Tlu‘ governor is of llie hydraulic 
oil impeller type. It is operated by the variation in oil 
pressure produced by changes in speed of an impeller 
oil-pump, (seen in fig. 46,) mounted on the thrust end of 
the tuiiiinc rotor. With an increase in load on the 
turbine and consequent decrease in speed, the oil pressure 
decreases as the square of the change of speed and the 
govc'rnor opens the inlet valves to admit more .stciam to 
the turbine'. The converse is true in the case of a decrease 
ill load and an increase in speed. 

Oil at impeller discharge pressure opcralcs directly 
upon llu' und(‘r sidt^ of a. iiilot-valve piston, and is counter- 
balaiKH'd by a. spring. Any increase or decrease in oil 
])r(‘ssun‘ will allow llu* pilot valve to oj)en, discharging 
or adniilling oil ovia* ilu‘ operating piston, which in turn 
inov(‘S up or down and (doses or opens the steam 
admission valv(‘S. d'his iype^ of governor has but fc'w 
moving parts to wi'ar and is extremidy sensitive in its 
opi-ration. 

rn)t('(dion against damage to the turbine through 
failure' of tiu'. oil supjdy is amply provided for by a. trii) 
j)iston, wlu(di conu's into opc-ration .should the bearing 
pri'ssurc'. of tlu^ oil bc^ reduced below q pounds per vS([ua.re 

inrli I he rdl nres;mire fi'oin Ihe 
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operating piston, rendering it inoperative, in which oas(^ 
the heavy springs on the valves force them shnt. 

As a precaution against overspeeding of thci turbiiu*, 
there is provided an automatic safety stop governor, 
mounted on the end of the turbine shaft, by means of 
which the throttle valve is tripped shut if the turbiiu^ 
speed for any reason exceeds a prcdet('rmined limil. 

Lubrication. — Oil is drawn from \]n\ ri‘S(‘rvoir l)y 
means of the rotary pump mounted on the turbine spindlts 
and delivered to the governor nu'chanism. Th(‘ oil not 
used by the latter is piped to an oil ejcr.tor, whert^ its 
pressure is reduced to that of the. bearing sui)ply line', 
and at the same time it entrains more oil from llu^ rt'st'r” 
voir. The ejector is so proportioned that it will delivt*!’ 
about 2 gallons of low-pressure for each gallon of high- 
prcSvSurc oil supplied. From the ejector tln^ oil passt's 
through the cooler on its way to the imixEer siudion 
and Kingsbury thrust bearing. After passing through 
the thrust bearing it is deliv(‘red to tlu‘ shaft l)(‘a.rings, 
from which it is drained back to tlu^ oil slrainer and 
reservoir. Oil used in the govt'rnor nu‘('Iianism is draiiu'd 
directly to the oil slrainer and rc‘servoir. d'Iii‘ oil ('.ooha- 
is of tile surface type, manufactured hy llu' (irisc'oin- 
RUvSsell Company. Tlui oil straiiua' contains lhn‘(‘ .scn'ciis, 
each of different (U'gn'es of liiu'iu'ss. d'lie first s('r('en 
Js a perforated plati', tlu^ second a, tliiiiy nu^sh to tin* 
inch screen, and the third a. sev(‘nty nu'sh to the lurh 
screen. Jfach scrc'en is lic'ld in phu'e by guid(‘s, and 
since they are three in number tluy can lx* removed lor 
cleaning, one at a time. 

The oil Hows from tlu^ strainer to tlu' r(‘S(‘rvoir, which 
is a cast-iron box localt'd at tlu^ gov(‘rnor (aid of th(‘ 
turbine. 

Ihe whole oil .system of llu' nuu'hiiu' re(|uir('s about 
140 U.vS. standard gallons to lill it. 

A steam-driven auxiliary oil pump, with govc'rnor 
control, is furnished for use whc'u starting and stopping 
the unit. In starling the turbine tlu; auxiliary ]>ump 
furnishes oil to the governor, inijK'lh'r, eje(d()r, and hear- 

inp-Q WU/m rllO t'/.M/.U.... f.,!! 4 1 ..* 
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is automatically stopped. Should, however, the bearing 
pressure be reduced below a predetermined amount, the 
automatic control functions, starting the auxiliary pump 
and ensuring a supply of oil to the bearings. 

Main Bearings. — These bearings consist of a cast- 
iron shell, horizontally vSplit and lined with babbitt. 

Jiach bearing is supported in a bored support ring 
in the pedestal by means of four steel blocks or bearing 
keys. 

Hard sheet-metal liners of various thicknesses arc 
l)la('ecl under each key. By shifting these liners from 
lop lo bottom or from side to side, the rotor is accurately 
!()(', ated in the cunitre of the cylinder. 

Glands. Th(‘ S(‘aling glands at bolli the governor 
and coupling ends of the turbine are a combination of 
Ihe ordinary labyrinth steam-seal and a water-seal ty])e. 
Tin* ])rinciph^ of the wati‘r-S(*al is that a small impeller 
mounted on tint turbine shaft, and having curved vanes 
and a. central diaphragm in the plane (jf rutatiem, revolves 
in a chamlx'r in tlie casing. When the macliine is running 
at noiMual speed water is thrown to the periphery of the 
whc'cl, and the escape of steam past the impeller effectively 
prevented. 



TOPICS FOR DISCUSSION 


1. The overall cniciency of tlu'. iiiodc'rn sleam-pnvvc^r 
plant is in the neigh bourliood of 15 ])er cent. Point out 
the thermodynamic reason for this comparali,V(*ly low 
efficiency, and explain by inference to llui banperaturo™ 
entropy chart the advantages of tlu^ us(! of mta’cnry in 
association with steam as the working subsiantu^ in a, 
binary vapour prime-mover. 

2. ])isciiss the various points of di‘parlure of llu^ 
actual from the ideal indicator dia.gram for a steam- 
engine. Indicate those measures wliicli have bt'on 
taken to minimise the loss arising from ('.yliiKka* con- 
densation, and tell what elh'ct lhesc2 havt' had upon (lu* 
general trend of steam-engine design. 

3. Jfxplaiii how a tcmperatiire-cmtropy diagram for 
the cycle of the steam-engine may be: (lra.wn for a, given 
indicator card. 

How may an adiabatic for the cusliion steam aloin* 
be plotted on the chart? Does the an‘a, to IIk* left of 
(v) (i) in lig. 2(S represent lost work in llu' saiiu' simse 
as the area to the right of (ii) (iii) (iv) when (In' a<'(iial 
cycle is compared with the ideal Kankiiu’ cyrh' ? 

4. Make a diagrammatic (a'oss-sei'lion of (In' Skiiiin'i 
‘ Unajlow ’ engine and describe its action. W'liaf arc; 
the advantages of a poppet valv(‘ ? \\’ha,( is iiK'anl hy a 
' balanced ’ valve ? 

In icccnt designs of this engine, the l^oppcd valve 
consists of two parts, an upper and a lower, (h'xiljly 
connected and made steani-liglit by a join! of th(‘ 
ordinary split-ring type. What purpose is scu'vcM by lliis 
arrangement ? 
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5. Design a suitable apparatus for determining the 
twist of a propeller shaft over a given length. Having 
found this quantity by observation, show how the horse- 
power transmitted hy the shaft may be estimated if the 
shear modulus of the material of the shaft aiad the number 
of revolutions per minute are known. 

6. Derive the formula giving the mass of the discharge 
from a convergent-divergent nozzle of known throat 
area,, when the initial pressure of dry and saturated steam 
is given. Show that if supersaturation be presumed to 
persist as far as the throat, the discharge under these 
circumstances is al:)out 5 per cent, in excess of that 
calculated on the assumption of stalde and frictionless 
ilow. 

7. Show by reference to the pressure-volume diagram 
that the droj) in total heat of steam llowing through a 
suitaJ)ly ])roportioned nozzle is a measure of the gain in 
kinetic energy, friction being Jieglected. 

8. Find an expression for the work done upon a given 
lurl)inc blade ring per pound of steam llowing, in terms 
of the velocities of whirl at entrance and exit and the 
velocities of the tips of the blades at entry and exit, 
sup])osing these to diiler as in the case of the radial flow 
machiiKi of the Ljungsti ()m type. 

(). Discuss the thermodynamic advantages of healing 
tlu^ f(‘(Ml by l)l('(‘(ling the liiPbine at a number of points 
Ihronghonl llu' I'aiigc' of (lu' e.xpansion. 

10. vShow by iiKians of a diagram llu' aelion of llu' 
\va((‘r S{‘al. 


WORKIiI) ICXAMPLFS 

I. ('al('iil;il(‘ as a('('ural ('ly as lli('sl('am tables permit 
tli{‘ hnal dryni'ss fraelioii of steam wliieh has (‘.xpanded 
adiabatic'ally fi'om an initial sta((‘ of Joo ])()un(ls |)('r 
s<juare ineh and ;;()2 (hg. h'alir., to a. ])ressiirc of 15 
])()un(]s per s(iuar(' iiic'h. 

'I'lu' sp(‘C'ih(' lu'at of stt'ain at roo pounds p(‘r scjiiare 

iiu'h n • c c 
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If this expansion be represented by the equation 
PV" = const. 

what is the value of ' n ’ satisfying initial and linal 
conditions ? | B.Sc. (Eng.) Load. | 

During adiabatic expansion the entropy nnnains 
con.stant. 

From the steam tables, ■ ■ i-f)02o. 

Now the temperature of saluralion for this prc'ssure 
is 327-8 deg, h'ahr. Hence there are 392 — 327-8 or ().|,-2 
deg. superheat. 

^ 00 ~ ^-yoo ^ ^'55 X log 

= i-r)02() q- -0431 
-= 1-C451. 

The dryness after adiabatic exj^ansion is giv<ni by 

s"/'ion “ «'ir. 

■nr, “ "If) 

^ i-bq.qr 3 0-3133 

i-.)4i() 


■ - 92 -38 pc-r cent. 


Required next, to lind that vahn- of ‘ 11 ’ in llu- 
expression 

PV" eon.sl. 


which .satisfies both initial and linal eondilions. 
We have 

PjVj" - P^V," 

.’. log Pj -| n log Vi log Ih f n log V._. 

■ „ loff I’a - '“K I’l 

- log V, - log V., 
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Vj = 0-9238 X 26*27 
== 24*26 ci. 

Vg = 4 * 89 ci . by interpolation 

2 — I • 176X 
n =.- . - . ' 

1-3849 -- 0-6893 

=== 1*184. 

2. A single-cylinder double-acting steam-engine lias a 
piston diameter of ii inches, a stroke of 18 inches, and the 
clearance volume is 8-5 per cent, of the swept volume. 
The steam supply is at 70 pounds per scpiare inch gauge 
pressure and tlui exhaust at atmospheric pressure (30 
inches of mercury). C'ul-off is at ^p) per cent, of the stroke 
and compression a.t 80 per cent. 

Assuming that the actual indicator card has an area 
of 90 ])(u: cent, of the theoretical card having hy])crbolic 
(nxjiansion and compression, find the indicated horse- 
power of the engine when running at 185 revolutions per 
minute. | IhvSc. (Eng.) Loud.] 

Lei P^,, ^ - pressure during admission in pounds/sq. ft. 

,, l\,r ,, at release ,, ,, 

,, P/, l)ack pr(‘ssure ,, 

,, V,./ volume' of tile clea.rance in cubic feet 

,, ,, at cut-off 

,, ,, a.t end of stroke 

,, ,, at commeiiceiiuail of compression. 


'flu' work doiu' j)('r stroke 

/ ^ nui 

I’,„ (V,.„ V„) I IWV 

J v,.„ 


I’. (V„„„ -- V ) 


V 

* com 


IVV. 


V, 



120 


1J.111KMUIJ XJNAMlLb 


Volume swept through by piston 


TV 

, . ^ ; 

4 


3-14 X (lif 


X 1-5 


= 0-9893 cu. ft. 

Y,i = 0-9893 X 0-085 
= 0-0841 cu. ft. 

V„„i =0-9893 +0-0841 
= 1-0734CU. ft. 

V„«„ -= 0-9893 X 0-2 + 0-0841 
— 0-2820 cu. ft. 


Vf„ = 0-9893 X 0-4 -h 0 •0841 
= 0-4798 cu. ft. 

Work done = 84 -7 x 144 ( 0-4798 - 0 - 0841 ) 


(i) 


„ , I •073.1. 

+ 84-7 X 144 X 0-4798 X 2-303 X - ( 0 ) 

- 14-7 X 14-4 ( 1-0734 - 0 - 2820 ) (iii) 


0*2820 .. 

- 14-7 X 144 X 0-2820 X 2 -:;oj :< log^^ • (IV) 

4827 + 4712 - 1675 - 722-3 
7141 *7 .ft.-pouncls. 


Actual work done ])('r slrok(‘ 

- o*(jo >: 7141-7 


6427*5 ft.-j)onnds. 


Horse-power 


6427-5 X 
3 ;-;o()() 




= 72*06 


3 . A convcrf’ent-divc'r^.^t'nt nozzlt' is lo lx* desipfried to 
discharge 0*15 pound of steam p(‘r second into a vi'ssel 
in which the pressure is 20 ]')()unds ])(‘r scpian' iiu'h wlnni 
the nozzle is supidied with steam at 100 pounds pers(|uare 
inch siipcdicatcd to 392 deg. luihr. Idnd th(‘ throat and 



APPJJED TO ENGINEERING 


I2I 


exit diameters of the nozzle on the assumption that the 
loss in the diverging part is lo per cent, of the total heat 
drop. [B.Sc. (Eng.) Loud.] 

By reference to the Mollier chart of entropy and total 
heat we observe that the early stages of expansion lie 
within the I'cgion of superheat, and that the state point 
crosses the boundary of the normally wet region in the 
neighbotirhood of the throat. 

The heat drop to the throat on the assumption of 
frictionless, adiabatic flow is found to be about 48 B.Th.U. , 
giving a velocity of 

V, == \/ 2gJ 48 
1550 ft. /sec. 

The specific volume at tlie throat on the assumption 
()[ cquilil)rium expansion is 7-44 cubic feet, and for the 
mass flowing pc‘r second, 

V/ :^- 7-44 X 0*15 I *116 cubic feet. 

Hence, area of throat recpiired is 

X i*:|4 square inches 

i‘ii6 X 144 
1550 

- o-i()..( s(iiiar(‘ inch, 

'rh(' lolal is('nl r()pi(' la'af drop jo jlu' back pn^ssurc 
iiK'asniH'd on (lu* cliai’l is m.j ihl'h.U. 11 i(‘ friclion loss 
is (li(‘i('for(! O' 10 • 12. 1 12*. I l)/rii.U., and jli(‘ ii(‘l 
Ileal drop is (sjnal lo i i i •() Ik'l'li.n. 

I 1 111 ' V(‘Io('il y at (wil 1 1 1 d) 

V,,, (/,, v;/ 0'{)5,| eo-oS ()*i 5 

!<)• 15 cii. fl . 

i()'e - 1. 1-1 ' 0'i5 

Ann 

'jq()o 

- o * I 7 S sonaic iiu'l) 
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4. Steam issues from a nozzle on to the ])l;uU( ring of 
an impulse steam-turbine with a velocity of 1500 feel jut 
second. The receiving and discharging tii)s of the moving 
blades are inclined at 30 degrees to the jdane of motion 
and the nozzle is inclined at 20 degrees to that plane. 
The mean diameter of the l>lade-ring circle is 3 feet. 
The discharge from the nozzle is 0-23 pound i)er second. 
Assuming a friction loss of 15 per cent, in tlu^ vc'locily 
of the steam relative to the blade whilst passing through 
the blade ring, find (i) the instantaneous tonpie on tlu' 
shaft when the turbine is beginning to move ; (2) th<( 
speed of the turbine so that tlu? st(!am shall disc’haige 
axially, and the horse-power developed at this Sfieed. 
(B.Sc. (Eng.) Loud.] 


(i) Required to find the instantaneous tonpie on the 
.shaft when the turbine is beginning to move. 

P, the thru.st upon the blade in the din'clion of 

motion, is equal to {ibvH— i'Vcri 

O' ' ' * 


T, llic rcsultinf^ torque, ^ 


my 




I 

•/ ) 


mr 

A 


('/•Vn cc - V,, eos r/, 


Now, since the blade is at r{\sl n( llu' inslanl under 
consideration, 


and 


'^^rrlr.v 


Wc are given that 

I'r. 


where ‘ k’ is Ihe giv('n coeflicient relating (lie velocity 
at exit to the velocity at entrance. 


Hence 

T = ^ {1500 cos 20'’ -I- 0-85 >: 1500 cos 50" 

32-2 ' ' .... 
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_ 0-23 X 18 
32-2 

T = - 323-4 pounds-inclies. 


1500 X 0-9397 +0-85 X 1500 X 0'866 


(2) Next, to determine V/, in order that the steam may 
leave the wheel axially, 




cos Pi 


'^^rvh'X 

and 





= 77 ,,„“silV 

a.lsQ 


== cos Pi 


V/, ■■■-- k cos Pi { v,,;^ sin“ a -|- (w,„ cos a - i 
and /i;“ cos" pi siu“ a -I- (V,,„ cos a— 

: - A'" cos'-* Pi 74„*~ A^ cos'^ Pi 277 , cos a v,, 

+ A>^COs“P77„2 

0-4572 7 ',,“ -|- 1527 V ,, -■ 1,219,000 — 0 


V ,. = 


^527 :l; -I- 4 X 0-4572 X 1,219,000 


0-9144 


- ()().| •() feet/second. 


In order to determine the horsc-])owcr developed at 
tliis speed we liave 

PV„ 

550 


II. I’. 


m 


A' 


1 1>w, 


urn ' MV’.r j 


550 


Now 

and 


77 „,,,,, = . 0 

v„,i, -■ 1500 cos a “ 1409 ft. /sec. 

0-23 X 1409 X W)4-9 
31-17 X 550 
: 12-57. 


JI.P. - 
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EXAMPLIuS FOR PRACTICI-: 

1. The folU)wing thila wtu'e oblaincd in a stwiiu lioiler 
trial of five hours’ duration : Coal used, I3<)() pounds ; 
carbon content of ftuil, ()-S8() per ('.eat. ; lower oalorilic 
value of coal, 14,800 P.Tli.U. per jiound ; water (!va]H)r- 
ated, 12,175 pounds; feed temperatun', rio dc'g. h'alir. ; 
boilcr-g.'iuge pressure, 50-2 pounds ])er stjuai'e inch ; 
barometer, 30-4 inches ; volumetric analysis of dry ll>U! 
gas, CO2 i()-2, Og 8‘6, Ng 81-2; Hue gas (t‘nip(;ralnre, 
533 Hog. Fahr. Calculate from these data the tiriic.iency 
of the boiler and find what percentage of the c;ilorilic 
value of the fuel is carried away by dry Hue gas (speidiic. 
heat 0-24). [B.Sc. (Eng.) Loud.] 

(In working this problem note that the weight of dry 
flue gas per pound of carbon in the coal 

_ relative weight of dry tine gas 
relative weight of carl)on in gas 

44(4 >2 -f 28N,2 -I 3202 \ 
leCO,, ^ 

2. The composition by weight of the coal used (o lire 
a boiler is carbon, o-flfig; hydrogen, 0-038; oxye.eii. 
()-oo4; ash, ()-o()5. Assuming lliat Hie ratio of air used 
to that llieorelically reipiired for eombuslion is i -d, lind 
the weight of Hue gas pi'r iiound of coal fired. 

If the chimney draught is one inch of waler and (he 
temperature of the Hue gas at the ba.se of (he chimney is 
752 deg. Fahr., what .should be the inlernal cro.s.s-seclioiial 
area of the chimney if the boiler is to consume i .!, Ions of 
coal per hour? As.sume that one-ten(h of (he draughl is 
available for giving velocity, the rest of (he draiigld being 
used in overcoming friction of the air passing through (he 
fuel bed. |B.vSc. (Eng.) J.ond.| 

(Weight of Hue gas iier jiound of coal 

- ir-bC I 34 -8 (II 3 r 



APPIJIil) TO liNGINEERING 125 

ill wliidi (', IT, and 0 arc the weights of carbon, hydrogen, 
and oxygon per pound of coal 

Note also that 

W, n+xT,; 

' n ' l)eing tlic number of pounds of air which have taken 
nj) one pound of fuel in passing through the furnace. 

In computing the necessary chimney area, R for air 
may be taken as 53 *4.) 

3. The effective volume of the cylinder of a steam- 
engine is 0*92 cubic foot and the clearance volume is 
8*5 per cent, of this volume. The weight of steam in 
the cylinder at halhstrokc is 0*063 pound and the pressure 
is 42 i)onnds per sfpiare inch. The steam expands hyper- 
bolioally to o*()5 stroke, ('alculate the final dryness of 
llu^ s(ea,in, and (leli'miiiui the number of heat units that 
[)ass tliroiigli the walls into llie cylinder during expansion. 

I llvSc. (fhig.) loud.] 

4. A com])onnd steam-engine is to develop 125 horse- 
power at no revolutionsi)er minute. The steam supply is 
at 105 pounds ])er scpiare inch, and the condenser pressure 
is 3, iiounds per S(|uarc inch. Assuming hy])erb{)lic ex- 
pansion, an (‘xpa.nsion ratio of 15, a diagram factor of 0*7, 
and negh'cting ch'arancc voliiim^ and receiver losses, cle- 
h'riniiK^ the diainidia's of the cylinders so tliat they may 

d('Vi*l()]) (‘({ual i)()W('rs. 

'flu' strolo' of i‘a('h piston may be takiai equal to the 
low-j)r(‘Ssur{‘ cylindcM' diamelia*. | llSc. (Ihig.) T.ond.l 

5. 'rii{‘ following ol)S(‘rva.tions wi'ix' made during a trial 
of a. double a('ling si (‘am-iaigiiK^ : Pislon (liaimdc'r, 15.] 
iiH'lK'S ; s(rok(‘, nS inelu's ; r(‘VoIulions ])er miniiti', 158; 
loi-(im‘ on brake shaft, njoo j)ounds f(‘c‘t ; steam supply, 
iti'oq ])oimds jxa' niiiiub' ; ga.iig(‘ pri'ssun?, 150 pounds 
p(‘r scpian* iiu'b ; vai'uuni, 2.| * i iiu'bes ; baronuder, 29*2 
ineb(‘s: ;u‘ea of indicator ('.ard, o -(lb square imdi ; kaigtli 
of ('ard, ; iiu'lu’S ; indicator spring, roo ; cooling 
water p(‘i' iniiiiilt', .|3,i*o ])oun<ls; risi' in tenqx'rature 
of ('ooliiig wat('r, 32*9 d('g. h'abr. ; temperature of con- 
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Draw up a heat balance-sheet for the engine per niinnt c‘, 
reckoning the heat supplied from water at the ttunpc‘ra« 
ture corresponding to the condenser pressure, and find 
the mechanical and thermal efficiencies of the engine, 
[B.Sc. (Eng.) Lend.] 

6. A four-cylinder compound locomotivcj works at a 
.boiler pressure of 200 pounds per square inch, by gaugt', 
and exhausts to the atmosiilicre. All t'o^linders havi^ (lie 
same stroke, namely, 26 inch, and the (lianudt'r of tlu* two 
high-pressure is 14 inch and of tlui two low-pressurt^ 
23 inch. Cut-off occurs in the high at 0*5 of the stroke 
and at o-6 of the stroke in the low-pre.ssuni ('.ylindei. 
A.ssuming hyperbolic expansion and a diagram factor of 
0*65, estimate the horse-power develoiu'd when nmiiing 
at a speed of 30 miles i)er hour. 

The driving wheels aic 6 feet 8 inches in dianu^ier. 
Neglect clearance and take atmospheah'. pressure at 15 
pounds 2:)er square inch, [HvSe. (ling.) Loud.) 

7. Explain why the increase in efliciency oblain(‘d by 
using superheated steam in nunprocating ('ngin(\s is luon* 
than the gain which would be expected from tla^ iiua't'asi; 
in cniciency of tlie corresjxHiding Rankiiu' ('y('l(‘. A steam- 
engine working over a constant ])ressure rang(' of <)() to 
14-7 pounds per .square inch lia.s a ('.oiistant ra.tio of 
expansion, and is supplied with steam of various degree's 
of superheat. Tlie steam consumption was obsc'rvaal to 
be as follows : 

Temperature of steam siij)ply, Fahr., dry .\y.\, 55.1. 

Steam per I. M.P. hour, 42 -o, 37*^1, 3,2 27*1. 

Plot curves showing the varialion with degrt'es of 
siq:)crhcat of the actual and Rankinc ellicii'iieit's with 
complete exiiansioii. [H.Sc. (ling.) Loud.] 

8. The pressure indicated at cut-off in the eyliinh'r of 
a jacketed steam-engine is 75 pounds jx'r s(|uar(‘ inch, (he 
volume is 0*45 cubic feet and tlie dryiu’ss fraction of tlu' 
steam is 0-73. 

If the values of pressure and volume at ivlri\^o an; 
34*2 and 1*05, find the heat which ])assi‘s through tliii 
cylinder walls during expansion. (IhSc. nforM I mul [ 
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(j. In a n^action steam-turbine the fixed and moving 
bladc^s have inclinations at the receiving and discharging 
tips of deg. and 20 deg. respectively. If the steam 
passes tlirongli the blades without shock, what would be 
the work developed in a ring of moving blades per pound 
of st(5am it the mean diameter of the blade-ring circle is 
5 ftad () indues and the speed of rotation 700 revolutions 
ptu' minute ? 

Assuming an efficiency of 85 per cent, for the one pair 
of fixed and moving blades, find the heat drop which 
takes place in the pair, and find the state of the steam 
when aiTiving at the fixed blades if the steam has a 
pressure of 20 pounds per square inch and diyness 
o*(j2 when leaving the moving blades. |B.Sc. (Eng.) 
Lond.J 

10. Dry and saturated steam is allowed to discharge 
through a sliort convergent nozzle, from a pressure of 
25 i)()unds per square inch abs., into the atmosphere. 
Jf the diameter at exit is o-5 inch, find the mass of the 
discharge in pounds j)er hour [a) on the assumption of 
stable iscntropic How, (b) on the assumption that the 
steam is supersaturated at exit. 

ir. Tlic exhaust from a steam-engine is to be utilized 
in a reaction-turbine which is to run at 300 The 

engine uses i()5() pounds of steam per hour, and the steam 
is su])i)li{Ml to tlu' turbine a.l a i)ressiirc of 20 ])()iinds per 
S(|uar(' iiK'h and has a dryness 0*95. Jf the guide blades 
in th(' first ring in th(‘ turbine (lis('harg(^ at 20 degrees to 
tlu^ i)hin(‘ of motion and tlu‘ nuu'iving tips of the moving 
bladi'S an‘ incliiH'd 3,5 (l(‘gr(‘(‘s to this plaiu', and if ilu‘ 
bla(l(' li(‘iglil is one-hft ('(‘lit h of tlu' iiH'an bladc'-ring 
(liani(’(('r, tind (his diaiiK'ti'r so that tlu' stc'am shall pass 
on to tlu' moving blades without shock, and, lU’glecling 
fib'tion, lind ilu' jiower devc'lopcd in tlu; iirsl moving ring 
of blades whi('li have' tli(' same (lis('harg(‘ angle as the fixed 
l)lad(‘s. |lbS('. (ICng.) bond.] 

(Not(‘ that (h(' ])ro(hi('( of the axial eoinponeiit of tlie 
V('loe.ity of (low and tlu' arc'a ('.oiiiju'isc'd l)etwe(‘ii the blade 
lip and root eir('l('s is i‘(pia] to the volume ol steam 
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12 . The first stage of an impulse turlhne is sui)plie<l 
with steam at 200 pounds per square inch, supedieatcHl 
to 482 cleg. Fahr. 

The velocity is compoimtlecl, there being two rings of 
moving blades, separated by <i ring of fixed bladt^s. 'fhe 
pressure in the wheel chamber is 100 pounds pd' scpiani 
inch. 

Assuming an 8 per cent, loss in the noz/le, had the 
velocity of the steam as it loaves the nozzle, (iiven that 
the angle of the tips of the moving bhuU‘s is 30 dt‘g., 
and that the blade velocity is one-fiCth of that of the sletim 
discharging from the nozzle, find the work doiu^ per pound 
of steam if the velocity of the steam relative to the. blades 
is reduced by X2 per cent, in its passage througli (‘uch 
blade ring, and if the nozzle and fixed blade angles arti 
designed so that steam shall pass through without .si loe.k. 
Determine also the efticiency of the stage. [H.Sc. (l?Ing.) 
Loncl] 

13. A stage in an impulse steam~turl)ine consists of 
converging nozzles and one ring of moving l)lad(‘s. Tlu^ 
nozzle angles are 22 (Ugrees and tlic moving l)la(l(‘S liava? 
both blade-tip angles of 35 ckgrees. If lli(‘ V(‘lo('i(y of 
the steam at the exit from the nozzh) is 1500 fc'cl per 
second, find the blade S])ee(I so Unit tlu! sh‘ani shall i>ass 
on to the blade without shock, and tind th(‘s(age (‘iTKF'nry, 
neglecting frictional lossc's, if the blad(‘S run at this sju'c'd. 

If the relative velo(aty of steam to hladt* is iX'diiccd 
by 15 percent, in passing through tlu^ blade' ring, find (Ih' 
actual cflicieiicy and the end llirusi on the' shaft when (Ik' 
blade ring dcvriojis 50 horse-power. | IhSc. (hng.) I.oml. | 

(The terms 'stage ellicit'ncy ' ami 'actual ehi<'ieney ' 
refer to the ratio betwe'en the work absorbed by llu' rotor 
and the initial kinetic em'rgy of tlu' jet in VM'h east'.) 

14. In a reaction sleain-t iirhim^ tlu' hhuh' tips are 
inclined 35 degnu's and 20 (U'gn'i's to th(‘ din'elion of 
motion. 

The guides blades «a.re of th(' saim^ shape* as the' moving 
blades but reversed in direction. At a. ('(’rtain j)la('(‘ in 
the turbine the clriim dianu'te'r is 3 fec't () iiudies and tln^ 
blades are 4 inches high, and at this place tlu' stt'ain n 
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pressure of 25 pounds per square inch and dryness 0-935. 
If the speed of the turbine is 250 revolutions per minute 
and the steam passes through the blades without shock, 
find the power developed in the ring of moving blades. 
[B.Sc. (Eng.) Lond.] 

(Note that the speed of the turbine fixes the velocity 
of tile blades, and hence also the velocity at entrance for 
no slujck. The axial component of the velocity of flow 
may then be found, and the volume of steam flowing per 
second is then readily determined from a knowledge of 
the area of the annular space through which it flows. 

Now And the mass flowing per second, and hence the 
power developed.) 

15. Determine the twist in degrees in a length of nine 
feet of a propeller .shaft 18 inches in diameter and 8 inches 
internal dia.meter if the maximum shear stress does not 
exceed 8000 pounds per scpiare inch. What horse-power 
would be traaisinitted when rotating at ixo revolutions 
per minute? 
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THE INTERNAL COMBUSTION ENGINE— 
THE DIESJtL liNGINE—THE GAS-TUR- 
BINlt-TIlE EXHAUST-GAS-TURBINE— 
Mia.HANICAL REERIGERATION, IN- 
CLUDING TH1£ PRODUCTION OF VERY 
LOW TEMPERATURES 




THE INTERNAL COMBUSTION 
ENGINE 

In the derivation of power from heat there are, 
l.)roa(lly, two major divisions of the general method. 
ICither the products of coml)ustion may give ii]) heat to 
some other siilistance, whicli. by expansion will cause 
work to be done, as in the case of the steam prime-mover, 
or the heated gases resulting from the combustion of the 
fuel may themselves be used as the vehicle by which 
the desired transformation is effected, 

Action of the Internal Combustion Engine. — The 
latter plan is followed in the large class of prime-mover, 
which combines the function of the furnace, boiler and 
(‘iigine of tlu^ steam plant in a single organ. The charac- 
teristic action of the internal combustion engine con- 
sists in lining th(‘ cylinder with air, which may, or may 
not, b(‘ charg('(l with, fuel at the commencement of tlu' 
eyt'le. In or(l(‘r to ine.reas(‘ tiu' a.vailability of the heat 
about to b(‘ a(l(l(‘d on ignition of the chargt', the* mixtun^ 
is (ii'st ('oinprcssc'd. At sonu‘ pi'c’dcti'rmiiH'd ])()int at 
or iK'ar th(‘ ('11(1 of th(‘ strok(‘ of tlu' ])iston inllaniination 
o('eurs, and ae('or(ling to whetln'r tlu' a('tion is sudden 
(thus partaking of tlu' natures of an ('X'lilosion as in llu^ 
ease of tlu' autoiuol )il(^ eiigiiu', in whi(di the fiu'l t'litc'rs 
with th(' indiK'tion air) or coinpara.liv('ly slow (as in the 
('asi‘ of tlu' Dii'si'l, in wlii(di a stream of fiu'l (Miters tlie 
('yliiuh'r (lining tlu' (‘ally stag(‘s of tin' working stroke), 
wi' obtain tlu' geiu’ral classi(i('ati()n of (xinstant volume 
and ('oust a lit ])ressur(‘ ('.yeh's. 

Comparison of Actual and Ideal Cycles. As has 

l)('('n nlrendv .sliown iluvsi* ('V(d(‘S d(Mi;irt from 1h(‘ id(‘;d 
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of Ciiniot in two iin|)ort;iut respects, namely, heat is 
taken in while, tlu; tcanperaturo of the winicing suhsLaiua: 
lises and heat is reji'cled as it falls. In order, therefore, 
to form some estimate, of the jjerfonnaiu-i^ (»f aeliial 
engines, comparison is made with an idt'al laigimi follow- 
ing the appropriate standard e.yeli'. and using air, to 
which, for this ])nrj 30 S<‘, are. ;ittrihnted ilm proper) ies 
of a perfect gas. Jn l)oth the ' constant volmiK! ' and 
‘constant pressure’ cycles the. efticusKy was found 

to he l-0y'‘ 

r bedng e([ual to tlio ratio of com|)n‘ssion and (‘xpaii- 
sion in tuidi case. Thvsv< ofndtMKdc's ant always Ithss than 
the corn^sponding C'arnot clhciencies for tlui 

temperature range over which the engiiui works. 

Influence of the Imperfection of the Gas upon 
the Efficiency.- -By perfection in a gas we nnclerslaiul 
obedience to the law 

PV 

- const a.nt, 

and further tluit the inU'rna.! (‘iKU'gy of the gas ('(insists 
of energy of translation and eiuagy of roiation, only. 
Tliis latter a-ssuniplion involva's consiancy of spt'eilic 
heat. Now, whih^ it may Ix^ .shown that in (lu* ('.asc of 
the actual gas the wholes of (Ik*, ('ommunicabli^ eiK'igy 
of translation and rotation is (‘([ually divided anionf'si 
the various (‘ffective d('gi'i*es of frec'doin of (lu* uioleciile 
and that the absolute temiieralurc* of (lu* is pro 
portional to this cpiantily, in |)olyaloinic f^ases ;i eerlain 
proportion of the wliolc*. internal eiUM’gy exists as vihra 
tional energy of tlie C()in[)oii(‘nl ])ar(s of (lu* inoleenle 
or, possibly, as potential energy of si*]>ara.tion as (lu* ro(a.' 
tional energy increases, a.nd in all ('as(’s, but (o a. iniu'h 
less degree, as vibrational ('neigy of tiu* (xiiisl i( uen(s 
of the atoms. If the ratio which this latter (|uan(i(y 
bore to the whole int('rnal energy rt'inaiiu'd constant, tlu* 
rate of increase of internal en(‘rgy of tlu^ gas with resjiect 
to temperature would be a. constant and thus the s[)e(atie, 
heat at constant volume would be a constant. As a, 
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matter of fact, observation shows that the ratio of vibra- 
tional energy to the total internal energy increases as the 
temperature rises, and while the gas may, and in general 
the permanent gases do, obey the general law more or 
less exactly, there is an increase in the specific heat at 
constant volume with increase in temperature. If, then, 
the permanent gases, and in particular the mixture we 
commonly find in the cylinder of the engine, depart but 
little from the laws of Boyle and Joule, it follows that 
R is a constant, and therefore, since 

C^, ~ Cy = R (in work units), 

if C,„ varies with the temperature, so also C^, varies in 
such a manner as to maintain their difference constant. 

The effect of such vaiiation is that neither the pressures 
nor the temperatures expected upon the assumption of 
constancy of specific heat are actually realized and the 
efficiency is reduced. 

Actual Values of the Specific Heat for a Mon- 
atomic Gas. — ^As might be inferred from tlic constitution 
of a monatomic gas, little variation of the specific heat 
is observed. 

In any given case, such as mercury vapour, C^, and 
may be determined as follows, when the molecular weight 
is known. 

Acc(.)r(ling to Avogadro’s law, equal volumes of 
(lifiercnt gases at the same temperature a.nd pressure 
havt'. the sanu'. number of molecules, and therefore also 
th(^ wt'ighis of (‘([ual voluiiK'S under sta.n(lard conditions 
are proportional to the molecular weights. If, then, the 

l^V 

(‘([nation — constant 

I)e wrilt(‘n [)(‘r a mass of the gas in each case, numerically 
(‘([ual to the mol(‘cula.r wc'ight (a ([uantity which we may 
call a ' pound inofi'cnlc^ '), thus 

VYm - mKl\ 

it follows that sinc(‘ inV -^constant for (liffercnt gases 
when P and T are constant, so also is the quantity niR. 
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This is known as tlus universal g:is coastaiil and 
may bo wi'ittcn as R' to dinoronlial*! it from I'l, llu* 
constant having rofcronco to unit mass. When P is 
moasurccl in i)oun(ls per squan^ foot, volnino in ciiliir. 
feet, and toinpcratnro in clogroos ('ontigradt! al)s.. R' 
assumes the value 2779 foot-])onnds per iionnd mole- 
cule. In pound calories that is, llu; heal necessary to 
I'aisc! the temperature of oiu; ])ound of water one-Imndred( h 
of the tenqierature range, freezing-point to boiling-iioint , 
under atmospheric pre.ssurc!— -this becomes 


277 () 

1400 




From this observed fact, and knowing that, according 
to the molecular kinetic theory, y hu' a monatomic /(iis 
is 1*667, we have 

ty,, - C/„ : ^ i*yH5, 

1 * (>67 , 

V-« J, 

whence ^ 

and ('/„ 2 •()();. 


vSince llu‘re is liilh', if any, (l{'])aii lire in ])ra(Uie(‘ from 
the assuiiKHl conditions, tliest' val(i(‘s may be taken as 
exact. 

Actual Values of the Specific Heat for a Dialoiuic 

Gas. It in lla* ('as(‘ of a diatoniie /.;as (lie simple assumed 

conditions acdnally existed, wi^ shonld ha,vi‘ 

('/ '**1' 
ft 

e,, ■ (>-<).|7. 

If these results l)e eoni])ai'ed willi llie values bumd 
experimeii tally for air. nitrogen, oxygen, niid earlioii 
mono.xide, they are found to agree quite closelv al (eiii- 
peratures in the neighbourhood of the freeziiifr-jxiinl of 


whence 

and 
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water. P'or inatanco, the apparent molecular weight of 
air being 

79-1 X 28 20-9x 32 

lOO ' 100 " 


for air would therefore be 


4 * 

28*85 


0 * 172 per pound. 


Measured values of this cpxantity for air at freezing- 
point and atmosphciic pressure give 0*1727. This 
indica.tcs that under these conditions but a small pro- 
portion of tlie internal energy is in the form of vibrational 
tuiergy. 

As, however, the temperature rises, an expression of 
the form 

4-(j8 -|- 0*001^ 

[i bc'iiig in degrees Centigrade), in pound calories per 
pound mol(‘cul(‘, becomes more nearly applicable. 

This may also be written 

C',, ;-^4*cj8 -|- (o-ooiT — 0*001 x 273) 
or C/y 4*707 X o-ooiT 

{T being in dc'grees Centigrade abs.). 

This expression will a.nswer for modc'ratt! temperature 
rangi'S, but ('a.r(‘ful experiments ap})('a,r to indicate that 
an ('xprc'ssion wliich indiuk's a. third term, involving the 
sce'.ond power of (lie temperature, slionld be used for high 
liMUjieratures. 

Experimental Methods of Determining^ the 
Specific Heat. Wdicn a gas expands, or is eoinjn’i'ssi'd 
adiabal if'ally, tlu' a.r('a niidis' tli,e curve' reflating jiressiire 
and x'olunu' give's a. ine'asure' eif the eliange' in inte'rnal 
e'lH'rgy. If, t lie'll, a. gas of kiieiwn ceiinpeisitiein he se'le'cte'd 
ane! suhje'ede'el te) alle-rnale' (‘uinpression a,ii(l ex])a,nsie)n 
in thei cylinele'r eif an e'ligine', iineU'r sueh cirenm- 
stane'e'S that the' loss eif lu'at te) the cylinder walls is 
lU'gligihle' ov may he' e'stimate'el, the change of internal 
c'lie'rgy be'twe'e'ii assigiu'el limits, say, eit volume, may he 
ele'te'riniiU'd. d lu' re'la,tionslii[) whiedi ('xists betwec'ii the 

rlinniD' nf inlfM'iinl minr/n; niul ilio rrD'rot^nnnrlinrr rUnnor^ 
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of tcmpcratiiru is then founcl by the application of the 
law 

PV ^ ^ 

; constant 


to each limiting set of conditions. 

C/rr ffli, 



Now, since 


Hence, when an e.xpression hiis Ihh'ii found wliich 
relates the internal energy to the teinj)t'ratiire, tin; rate 
of change of 1 C with respect to T at any ixiint gives ;i 
measure of the specific heat at constant volume at that 
point. As an illustration of this method. Sir J. A. ICwiiig 
quotes the results given in the first report of (he 
British Association Committee on (huseons Explosions. 
Partly by the method above outlined, the following 
expression was derived for a mixture consisting of 
5 per cent. CO2, 12 per cent. ll.p, and 83 per cent. N^, 
and surplus Oj, 

E' $-2t -|- 0- 00043/2 -|- ()• 0000002/'', 

i being in degrees Centigrack! and 1'7 in pound calories 
per pound molecule. 

On differentiation we have 

C'„ ---- 5-2 -|- 0'Ooo86/ -|- 0'Oooooo()/2. 

Compare this re.sult for / ^ o with llie ligure obtained 

for the ideal diatomic gas, namely, ( 7 „ - 

Values for the Specific Heats of the T'riatoniic 


Gases.— By a 

similar 

calculation ti 

since 


Y i-dd.l 

and 

- 




( 7 „ 5-()()r 

and 


(■/, 7 -() 4 f). 

Experiment 

sh(.)ws 

, however, tli 


temperatures an appreciable part of (he lotal internal 
energy consists of energy of vibration. Hence, in the 
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case of tlic triatomic gases the specific heats will be 
somewhat greater, while the specific heats of gases which 
arc composed of more complex molecules are consider- 
ably higher than the above values. 

Combustion of Gaseous Fuels. — In applying the 
general law 

PV 

= constant 


to the charge within the cylinder of an internal combustion 
engine, no account was taken of the influence of any 
change in the specific volume due to combustion. Were, 
for instance, contraction to occur, it is clear that if the 
amount is not negligible, its influence upon the calculated 
temperature may be observed from the equation 

A>P,V, __ PuVa 


or 


T. 


... P.,V,, 

^ l\V;7e’ 


in which Pj, and Tj relate to the conditions before 
explosion, V^, Vg and T2 after explosion, and k denotes 
the ratio of specific volume after combustion to the specific 
volume before combustion. 

C'onsider, for instance, what happens when hydrogen 
is burned together with the minimum amount of^air 
lU'ccssary for complete combustion. 

We have 


>11.. I- ()., 1- of N„ 


dl./) 


79-1 


i.(\ 


20 • (j 

I give 2 d- 3-7«4 


of N„ 


or 




()-«526. 

()- 7 ,S.|. 


Sii[)|)ose 10 pii' ('(‘lit. oxygen had appeared in the. jiro- 
duels of ('.onibuslion. Let .v ciilfic feet be the measure 
of the total ('xliaiist volume. Then o-i ~ O2. 

Associated with the surplus oxygen we should have 
had 


N.. n • T V Q r 
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The l)al!mcc, namely (i '-o- 4784).v, is wutcu- va|)()ur 

and nitrogen in the rati(j . 

3-7«4 

Thiis, expressing those (juantities as pereentagos, 

Ojj TO'oo per cent. 



X ••• I‘3'05 

5-7«4 


N. 


5- ■ if* 


3-7»-l- 


. 5 - 7«4 


;H’h 5 

too *0*1- 

the original volume of the chargt^ would havt? binai 
•if) 

2 () 


-i- 47-84 ) 
Vo- 852() ' V 


per cent. - loy -oi. 


l-Icncc k 

109 ‘01 

The following example will serve to illuslra.ie a. generiil 
case : 








I 'rocliicl 


('oiiiposilion of ( 

las. 


\'<)1. of ( 

11,0 

('(), 

14 


-PI hy 

1 

22 

41 

0 

Cl a 

(Methane) 

i>y 

2 

70 

70 

.15 

C.,H 

4 (Itthylene) 

;’) 'tv 


U 

i) 

() 

C,ll 

g (Butylene) 

2 by 

() 

12 

,s 

b 

CO , 


5 i>y 

_l 

^’5 

0 

5 

N,, . 


7 


0 

0 

0 

CO2 


•1 


0 

( ) 

•1 


100 


j h 5-5 

I 2S 

5 '‘^ 


I'he original voliinu', with maxiimmi oxygen uliii/a~ 
lion, is 

, 100 

100 I 1 15*5 

eoM) 

Ainonni of eonlraclion -i5*5 ■ ujj 2^-5. 

Hciice the iiua.1 volume (15^ - - 22-5 - 

and thus k becomes ^ ()0-8 iier ecait. 

()52 
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for full oxygen utilization. The actual contraction 
would, of cour.se, be less than tliis on account of the air 
of dilution. 

The Application of the Entropy Function to the 
Gas-Engine Cycle, taking account of the Variation 
of the Specific Heat. — If heat is added to a gas, the 
internal energy may be increased or work may be clone, 
or both. Further, each of these quantities may be 
positive or negative according to whether heat is added 
or abstracted, or whether work is done by, or upon, the 
gas. The I'elationsliip which exists between those energy 
changes may be expressed by 

dQ = + j.-- 


I I )'r\ rr i '^dY 
~ {^v "H C^l + j • 

The corresponding change of entropy is given by 

- , _ («„ + i'T) dT . FdY 
" T ' " JT 

{(i„ + FI') dT . R'dV 

= - T ■ + JV ■ 

.lloiice, wlicn tlic temperature limits and correspond- 
ing limits of volume are assigned, we have 


T \i' V 

</) — </'„ - <1,. log.. -I- /' ( I — '!„) -I- I log. y • 


'Fliis may also 1)(‘ writtisi 

'r R' p 

</> - ‘Ik. <i„ log. -I - b ('!' - T„) - log. . 


[Since 


and 


a, + R' 
P TV., 


P 

i> 


I' \/ 
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P T V 

log. p =log. ,,, -1-log. ■' 

T V 

== log, ,p - log. y . 

I> T V 

Hence - log. p = “ log. -H log. , 

whence the second expression for the ('liang(^ of tnhropy 
is obtained by snbstitiition.J 
If these symbols, namely, 

C'v d- 

and C'^, — Uj, ^ 1 //!' 

have reference to a mass immerically etpial to tlu^ molt‘- 
cular weight, the totd change in entropy pea* unit mass 
may be found by dividing by the inoltHuilar wtught. 

In the practical application of the above (upiations, 
some uncertainty usually exists in the deiitnuinalion 
of the temperature at one point in tlui cycle; ; and tliis 
must be known or assumed before we can j)ro(ua*(l. TIk’ 
reference point is commonly taken for llu; condili(»ns al 
the commencement of compressiou where tlu; l(*in])eralur(^ 
in most cases has a value ranging from 200 lo joo deg. 
Fahr. Given, then, the indicator card, aserii's of points 
arc selected around the diagram and the Uanpis'alim' 
and volume or temperature and pn‘ssurt; ratios (o /eio 
conditions computed. The changes in entropy ar(‘ then 
readily found. 
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and thus 



THE DIESEL ENGINE 

By way of exemplifying the fundamental principles 
upon which the internal combustion engine acts, the 
Diesel engine, and in particular the maiine Diesel, will 
be selected for discussion. 

Its comparatively recent success in large sizes and 
the inherent possibilities of greater development and 
wider application render it of particular interest. 

The Cycle of the Diesel Engine. — ^The standard 
Diesel cycle is a modification of the ideal constant pres- 
sure cycle, heat being taken in at constant pressure 
but rejected at constant volume. There is a further 
classification under the terms ' four-stroke cycle,' and 
' two-stroke cycle.' 

In the former, air is drawn in during the induction 
stroke and compressed. Thereafter fuel oil is injected 
into the cylinder, commonly by high-pressure air blast, 
and ignites on encountering the compression heated 
cylinder air. During coml)ustion the pressure remains 
stmsibly constant. Thereafter there is a relatively long 
e.\i)a,nsion, tlie diagram resemlding that of the uniflow 
engine. On tlio opening of the cxiiaust vidve the waste 
ga.st‘s art^ (lischa.rg('(l to the atmosphere and the cycle 
is completed by the return of the piston to its original 
position. 

In the two-stroke cycle the induction and exhaust 
strokes are dispensed with, and these oiriccs are performed 
by a. scavenging lilast which sweeps tlie cylinder clear of 
tile waste products during the late part of the working 
stroke and early stages of the return. 

I'hc pre.ssure limits between which large-scale Diesel 
en/rines work are lix(*d bv nnU orr. 
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that of the aiinusphore mid about 500 iiounds per sipiart' 
inch by gauge. 

Maximum Temperature of Diesel Engine 
Cycle.- -Siuce the temperatures reached within the 
cylinder of the l)ii;sel are an imporlaiiL factor goveriiiiig 
the de.sign and iallueiicing the developiiieiit of the engine, 
it is of importance, to in([uire as t<i their order of inagni" 
tilde and whether practical considerations impose limiting 
values which an; lower than 1 host; whielunight beattaiimil, 

J.et us assuuu; that the lem[)eralure of I be cylinder 
couhuits at the commeiitumienl of compression is coo deg. 
I’ahr., and further tliat the ratio of the pressure at the 
commencement of compression to the pressure at the 
end of compression is ,55. 

Now, in computing T,. tlu; temperatuie at tlieeiidof 
compn'Hsioii, by means of tin; eipiation 



wo are faced with a <H'rla.iu dillicully tiwine, to the vaiia- 
tion of y, with t^hangt; of the speeilie. heat. W’e may, 
however, without impttrtant error, take a mean e.due 
of 1 y’jiS. 

tl'.'i'l 

'rims '1\ l)t‘cu)!nrs (iCio « 

1757 (Icf.;. I'ahr. abs. 

or iat)7 (Iri;. I'ahr. 

We come next; lo the prubltMU of (l(*lcmiiiun?; (In* 
maximum lemperatun^ wliicli can i)os:al*ly be rr.icluMl 
at the luul of combustion, with lull oxyiM'ii utili/atioii. 
A givtai (juantity of air can onl\' bum .i limitrtl aiiuaiiil 
of fiu^l. Wluai Lh(‘ oxy,jj;cii is all used up tin' lUiion stop’i. 
As a imitter of facl, a, C(‘rlaiii pro|u)iiioii of aii ol tlilntioii 
must always he pn\scul to cnsuie coiuiilt’h* (‘oiiihir.l ion. 
Let ns consider, lirst, how nuK'h air would In' iiccc.ssaiy 
for a fuel oil showing the following coinpo'.itiou : 

('arbun .S() pt’r ('cnl, 

Ilytlrogen la ,, 

the balance being incoiiibusliblc. 


APPLIED TO ENGINEERING 


X45 


For the carbon we have 


0-86 X X 
12 


100 


= 0*86 X II -6 


= 9 *98 pounds of air. 


F or the hydrogen we have, similarly, 

^ 100 

0‘12 X 8 X •” 

23 

= 0-12 X 34-8 
= 4-176 pounds of air, 


giving a total of 4*176 + 9*98 ~ 14*156 pounds of air 
per pound of fuel ; or a fuel to products ratio of 


^ r™()-066. 


Now the heating value of this fuel per pound is equal 
to 

(o *86 X 14540 + 62000 X 0 *12) 0 *95, 

and per 

0*066 pound, 1250 B.Th.U., 

allowing 5 ]:)er cent, for the licat of formation of the fuel 
oil compounds. 

If, now, this heat were applied to unit mass ol the 
products, \vr should hav(‘ 


I 'r 

* ^ I 


wh(‘re is lli(‘ a[>pareuL molecular weight of the 

mixlur(\ 

Substiluling for ('/^,, 19, h //!', and working out the 
uum(M’i(xd valium of ///,,,, wc‘ have 

j ^ “ (t')d)()2 -b ‘0()lT)dT 

Jc )78 -^F<>4 


5 ■- 1^50 
<) 



which gives 
h(j5 


' 1 '.. 


I II •IKIlKlg I j'l )(/T 


J (j7H 

(Ta - IJ7.S) I 


"•"‘'"".M.in'a- ()7,S2) 


fl) (11) 


whence 'I'a is eijual In g.hu deg. ('ciu. ahs. nr liHyo (g.^r 

Ihdir. al)s. 

Such temperatures, Imw- 
ever, are not nsdized, due to 
the prc.seiice of surplus air 
and heat suiipre.ssion. that is, 
heat lost to the walls iind 
through dis,soeiatioii, etc. 

Maximum (!ut-oir with 
(lomplotc Oxygen Utiliza- 
tion. I. el us eoiisidiM- the 
ideal I’V (liae.ram for (he 
Die.sel engine with a view to 
determining (he position of 
(he point of cut olf when 
(his is as late as. it could Ik' 
ideally, (hat i;;, with uo air of 
dilution [ireseid. 

Let the laanpression ratio he gg, as aliove. I.et also 
the initial temperature he .mo deg. h'alir. ’1 hen 



V, V, 


V 


I'KJ. 51, Pn*M.suru“\‘()liinH‘ 
J)iiignun fur 1 MfscrKiifinif. 


and 

whisice 


V, 

V, 


'I'-.. 

■I 

T., 


I’.d 


p Y.'. 

M I I’cr iTnl. 

With lower initial temperature of tlm <-h;uge, (he cut 
off would 1 h! loimd to he soim-wlial later, reaehiug' a 
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inaximiun value of aljout 33 per cent, when the tempcia- 
ture of the! induction ;ur i.s 60 deg, Fahr. The combined 
cl’fect.s of exce.ss air and heat suppression will pi'oduce 
proportionate cluuiges in the ratio of Va to V^, this 
(piantity becoming less as these effects increase. 

The Indicated Mean Pressure. — The mean pressure 
of the indicator card, resulting from any given position 
of the cut-off, may be investigated from the equation 


:i\ (v» - Vi) 


Y — ^ Y " 

V, - Vi 


Taking the case already cited, the initial pressure 
being 14-3 pounds per square inch, and temperature 
200 deg. h'ahr., the mean pressure with maximum oxygen 
utilization, and without any heat sui)pression, works out 
a.t iHi pounds per square inch. 

From tests made by Professor Mellanby of the Royal 
'I'cchnical College, (ilasgow, on a four-cycle air-injection 
engine, it is concluded that the curve relating indicated 
mean pressure mid oxygen content in the exhaust 
suggests 140 pounds per square inch as a limiting value. 
'I'lie jire.sent working limit, without supercharging of the 
cylinder, is aliout 125 pounds per square inch, with an 
average value around 100 pounds i^cr scpiarc inch. 

'I'he actual diriiculty, however, is not to secure higher 
indicated mean ])ressui-('.s by reducing the pnqiortion 
of exc.e.ss air, l)ut to pixua'iit injury to the crown of tlu' 
])is(on and to (lu; walls of tlu' cylinder, as the teiujicrature 
of tlu; c.vlinder contents rises with iiun'east; in the pro- 
portion of fuel burnt jiei' stroke. 

j ust below I Ik; skin of I he piston face and cylinder walls 
the perio(li(; temperature; tluct nations aic; damped, and in 
tlu; main body of tlu; metal there is a stisidy temperature 
gradient. When, howevea-, the amount of heat to he 
ti'ansmitted |)er unit a,rea of (uioliiig snriacc; increases, 
either by K'ason of inc.rease iji cylinder diameter, increase 
of mean [n'e.ssm e (and theredoix; (jf maximum tenq)erature) 
or iiu;i'e.ase of s|K'ed, tlu;r(; conies a jioint where injury to 
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the nuhiil siirhu'cK (‘xpused to thost! liif.(h (I'nipfralurfs 
results, iiml a, series of iiiu! craeks makt; (lieir appearaiKU'. 

lienee, for a given mean in-essurci aiul speed tiu'ni is 
a limiting diameUa- of eylinder, wiiieh it is at present 
impossible, to iue.reaso, 'I Ih! ideal will be rtsK-lu-d when 
the limiling diameter of piston will be inde(ien<leid of Ihi' 
rate of heat generation. 

'I'lio prae.tie.al diHieultiiiS an; aggravated by the seveu'e 
conditions under which (sunbustion takes ]ila<'e, the high 
o.Kygen density inr.reasiag the tiunlene.y to injure tin; 
walls of the cylinder and burn the piston crown. 

As an exam]ile of the way in which these diriiculti<‘s 
have beeji nu;t, and as .showing tlie. trend of evolution of 
the marine Diesi'l in gt'neral, and certain novel and 
intei'cstingfi;ature.s in particular, there follows adescriptiou 
of the engines of the motor ship Sminhy. built liy 
Messrs, llarclay, Curie and Co.. Ltd., ami engined by tin; 
North HritLsh Die.sel ICngine Company, Ltd., (ilasgnw. 


THE NORTH HKITISH Sl.lDINC. CVl.lNDl'.K 
DOUBLE -ACTINC TWO - CYCLE DlltSh.l. 
ENCdNE 

Introduction. .\;. aln'a<ly indicated, Diesel eiie.iiie-. 
are broadly c.la.ssified under the Iitius 'foiii' ;;tiiike eyele ' 
and ' two-stroke (ycle,’ 'I'liere i;. a fuither dilfeienlialidn 
into singhi-ac.tiugand double acting, eiig.ines, imMidug that 
in tin; former c.as(; the j)ressure of the chai.e.e acts on one 
end of the piston only as in thi' typical autnimiliile eiig.iiie, 
while; in the latti'r botli l•uds of the <-y!indei ao' jiut to 
use;. While a large, development of the loin cycle single 
acting engine, for mariiu; i)urposes ha;'. t,d\cn pi. ice, it 
ajrpi'ars for .several reasons as tboU!;h the main line of 
evolution must jiroc.eed by way of the two eyi le double 
acting type. Not only an- four cycle iiingle acting engines 
jrossessed of greater bulk and weight, and hence lia\’e a 
liigher lirst cost, but in order to be direclly rc\'cisible 
they must havt' at least six cylinders, and for vaiioiis 


APPLIED TO ENGINEERING 149 

reasons slioiilcl not have more than eight. Hence, 
standardization of one type having a constant cylinder 
diiunctcr, but a vaiiable number of cylinder units for 
a large range of powers, becomes impossible. On the 
other hand, the two-cycle double-acting type may be 
made directly reversible with any number of cranks 
from two to eight (just as in the case of the compound or 
multiple expansion steam-engine). This enables any one 
size of unit to be adopted for a very wide range of powers, 
thus facilitating standardization and mass production to 
an extent much greater than has previously been possible 
with any typo of prime-mover. For example, a double- 
acting two-cycle cylinder developing 450 B.H.P. may be 
used ill directly reversible engines of from (joo (i.e. 
2 X 450) for a single screw, up to 7200 (i.e. two banks of 
eight cylinders) for twin screws. 


CONSIDERATIONS GOVERNING THE ADOPTION 
OF THE FILATURES PECULIAR TO THE 
NORTH BRITISH DIESEL ENGINE 

Elimination of the Piston Rod. — Practically all 
])revious aiteinjEs to solve the problem of the two-cycle 
double-acting (‘iigine liavc followed standard steam-engine 
design in tluit tluy hav(^ been of the piston rod type. 
In a sU'ani-t'iigiiK* (Ik! jiiston rod does not ]')resent any 
didienll ies, but ilu^ working conditions in the Diesel 
engiiu* ar(‘ V(‘iy diUVrcait, and wbil(‘ the piston rod has 
not j)rov(‘d wvy t roiiblc'sona' or daiigc'rons in us(', it will 
(loubtk'ss b(^ geiK'rally a.diuitt(‘d that tlu^ pri‘S(‘iiC(i of a 
(a)()l rod in tlu' heart of th(‘ ('.oinbnstion space ca.nu()t be 
('ondiuavc' to more (‘Iheiiait coinbnstioii. I'here is further 
an inl('rf(‘i'('nc(‘ will) (‘flVdive siaiveiiging and a.n added 
('()inpli('alion of tlu' lower eylindc'r cover, togetluT with 
t]i(‘ lUMa'ssity foi' a hig]i-])]'(\ssiir(' sinning box. It would 
aj)p('ar from (‘V'ery point of vi('W that tli(‘ elimination of 
th(' piston rod is (h'siiabh^ if this can be acc()ni])lished 
without undiK' ineelia,ni('.al coinnlicatioii. It is further 
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likdy that tlu' {)f t'dit'a'iii cuiuhusfion, with 

which is hcnnid up tlu^ proper form of t'oml)ustion spa<U‘, 
will be of civeu greatca* imj)ortan(*e in the future than it is 
at present. 

Th,c larger sizes of mariiu* Diesel taigiiu* will doubllt‘ss 
be callc‘(l u])()n to o]H‘rat(* with soiiu* i‘h(‘ap tpiality of oip 
probably boiltT fui*l oil, whii'h (‘ontains usually a target 
percentage of asphallinu (llu^ hard bitaniingiis n%siduum 
of crud(^ oil). 

('onscHpuaitly llu' diliiculti(‘S of stnairing elheieiil eom< 
Inistion will b(‘ iiu'reasecl. 

The Slulinji (Cylinder. In order (hat the ti'Uipera^ 
tun^s may bt‘ kept down, and that the e.ylindt*r may havt* 
a cluirge of i)ure, eoni])aral ively eotjl air, s<*avenging 
must be (‘riicamt. 

Jn ordt*r, llu‘refore, (o eliminatt' as far as tuay In* 
possibht any uncertainty in lliis re|;ard, tin* eylindor of 
this (mgiiH‘. is mad(‘ to re('ipro('at<‘ synelnonously with 
tlu‘. piston, uncovering at the appro[)iia(e time a, row of 
scaviaiging ports around the head end of tlie (‘ylinder and 
causing a l)last of air from the reservoir of tin* pnni[) to 
swet'p ilu^ <'.ylindt‘r from end to end. 

PrincipICvS and (Jonstruction of the North British 
DiCvSel Enj^ine. TUr desieni is illnsiraled bv lies. 51. 
52 and 53, whieh art* partly diagrannnalie. Idg’. fp! is an 
athwartship sedion. So also is ti/;. -j wbieli !Jiows Ibe 
I'xterior of om* unit, and fig,. fPl i'. a lonejindinal siTliou 
through one unit. 

Rtderring to (lu'ia* ilhistialioiis, ;i unit of the ('iiejm- 
consists of an iipjier cylinder A and a l(iw<*r exlnidri A,, 
both of which ar(’ open at. ear'll end. '1 lie eyliiuDi 
logi‘t!u‘r witli their water jae.kets 1 > ,iud !» j and ■.< a\ fnpjiie, 
and exhaust hranclies 1) aiul Dj, i especl ivelv, aiefn^elo 
reciprocatt' nhitively to the two eylinder coven. \\ .md h., 
providiul at the outer (sids of the (ylinder., the cover, 
being made in the ham (h lUatiiiiiai y pi’. ton;; and 
furnished with s])ring lin/C' to ensiiK' ,e,as 1 ight ne:.:., 'I hi' 
ui)fH‘r and low(‘r (‘.ylinders are ('.(ameeled by two ties, h' 
and hj, diametrically (jp])osed to tan* anotlier. A double 
Mtwlpfl wiili eudeeou oiii II. reeioi oeateii inside 





APPLIED TO ENGINEERING 


153 


the cylinders and between the 
covers E and E^. The pro- 
jecting ends of the gudgeon 
pin pass out between the upper 
and lower cylinders, the space 
between the cylinders being 
sufficient to accommodate their 
movement. Journals arc pro- 
vided towards the ends of the 
gudgeon pin to take the top 
end bearings J and of the 
connecting-rod fork .L. At 
the lower end of the connecting- 
rod fork a crank-pin l)earing M 
is provided, which operates 
on the crank N. Crankshaft 
bearings P and 1 \ of the usual 
form are provided on each side 
of the crank N. A guide 0 is 
directly attached to the middle 
of the piston. The cylinders, 
together with their water 
jackets and scavenging and 
exhaust branches, are caused 
to reciprocate by the link gear 
R,S,T,U (figs. and 54). The 
links R and Rj a.rc‘ attaclu'd at 
tli(‘ir lowiM' ends to (\\t('nsi()ns 
of lh(' main gudgeon pin, and 
ai their npp('r (mhIs to journals 
piovided at tin* ('xtiaaiu! (aids 
of tli(! levels S and S,. 1'lu‘ 

(‘yliinka s ar(‘ oj)ei at('d by means 
of links '\' and d',, wliieh ai(' 
at la('hed at inti'i'm{‘diat(‘ points 
on Ie\'ers S and S,. '\ \\r l(‘\'('i'S 

swing about fnlcanin Ixaiiings 
I) and Uj. d lierefore tin' 
(‘ylindeis y\ and Aj, togetlua' 
with their water jaeki'ls, 



loc;. j. — ■goiigirudiiiii,! 

Scc.Unii jlirf)iigli onr 
unit, of Norl-ii Brilisli 
l>i(\S('I laiLdne. 
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reciprocate synchronously with the main piston, hut 
Ihroiif^h a, nnu'h siuallta' (listaiuu*. 'Flius tin* s('av(ai|L;inf( 
ports V and Vj provided at the outer ends of th(» cylinders 
are tincovenul by llu* n'latha; nioveuuails of tlu* ('.ylindtTS 
and covers IC and ainl tlu* (‘xhaust ports W and 
provid(id at tlu 5 inner taids of tlu‘ (ylinders an? lUK'ovta'ecl 
by llu^ relative tnovaaiuad of tin' jnslon to tlu‘ ('.ylintlers, 
Tlu^ front (x>luinn X is nseil as a staivenipuf,^ air n‘S(‘rvoir, 
and suitable slurhn^' boxes art' ]>rovided on it for the 
slidin|i^ scaiveiigin^^ l)raneh(*s (' and i\, 

d'iuM'xliausl nuinifold V has astutlinf; Ikjx to take Uu* 
(‘xhanst sliding branch D, 

11)1' first large (‘ngiiu' of this type was bnilt in 
for tlu‘ motor shij) Sauinlry, It eonsislt'd of thi‘(*e units, 
tsu'h of 2 .|bineh i)ore by .|4 ineli strokt*, tit-sigiuMi to 
2000 Ikll.P. at 100 r.pjn. Hit' lignres show llu' (‘ii/ptu' in 
(‘I(‘vation and plan. An air <*oinp)'essoi' and seavenging 
pump art' providt'd at tlu' forward and aft (*nds I'espcM:- 
tivt'ly. 

Undt‘r test, the best consumption ovei an extended run 
was from o‘.|.j«S it) o«.|5 pound t)f boilei fuel per Ikll.P. 
hour, with a mt^ehanieal dful^UK y in the iieiejiboiu hood 
of 75 ])t'r cent. No imptutaut tumbles developetl during 
tlu' maiden \'nyiigt‘ of the shi]s hut a lew miuni altetations 
Wert' inade in the design of the main emput's altei hei- 
return. 












i' Hi. .SiS. (if (lie M.S, “ Suimlry,” 

liiull liy Noitli liiilish 1 ( \). ( llas^i iv\ . 
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THE GAS-TURBINE^ 

Introduction. — Inquiries are frequently made con- 
cerning the possibility of developing the internal com- 
bustion turbine on a scale comparable with that of the 
steam-turbine. The reason for the failure of the gas- 
turbine to compete vsuccessfully with other major prime- 
movers lies in the diflkultics inherent in the problem itself 
rather than in any lack of enterprise and complete con- 
sideration of its possibilities. Many attempts have been 
made to design a ma.chiiic which would compare favourably, 
in ])oint of eiliciency, reliability and cost, with the steam- 
turbine, but failure has attended most of these efforts. 
The purpose of the present discussion is to give some 
indication of the overall eliiciencies which may be expected 
when the limitations imposed by the comparatively high 
temperatures to which the working parts arc exposed are 
taken into consideration. Of these latter, the blades and 
rotor alone a,r(^ ot necessity exposed to high stresses, and 
since no water-jacketing is possible, the temperature of the 
casing within wliiOi the disc rotates must ])c maintained 
Ix'low a ('(‘rtain limit, dc'^iendent upon the properties of 
such ina.l ('.rials of const uudion as an^ a.vailable. d'his 
‘ ('asing t(‘inp('ra(un',’ as it is ti'niu'd, will, in gem'ral, 
Ih' higher than tlu' i('in|K‘ra.tiir(‘ of tlu^ gases disclnirged 
from th(‘ no//l('s on a('('ount of friction and eddy loss 
(luring tlu' passage of tlu' gas a('ross the vanes, in windage 
losst's, i.(‘. dis('. fri(dion, and due to the transformation 
of tlu^ H'sidual kiiu'tic ('lU'rgy, all of which losses become 
heat. 

Proh'ssoi Marks s(at(‘s tlia.t tlu' j)r('sent ])ra('li(aible 

‘ 'i l)(i ;iiillu)t is intlchlcil ior his in foniiiil ion conciTnin/j; llio j^ns- 
Ini bitH' In ,ui oi i}.;! mil piipoi', ‘ ( Ijis-'l ui bines, ’ l)y I’loh'ssor Ma,i ks, 
pulilislu'd in ii'diLs. of tfn' Aoi. Soi , of Mcdi. lAiff., 



THERMODYNAMICS 


156 

limit of casing temperature appears to be about 850 deg. 
Fahr., and mentions that the Holzwarth turbine operates 
at this temperature with vanes of soft carbon steel. 
Professor Rateau, however, reports a tcmperaturo of 
1200 deg. Fahr. in his exhaust ga.s-turbine with rotor of 
tungsten tool steel. Reference will bo made to this 
turbine later. As, however, most steels lose about half 
their tensile strength around 1000 deg. Fahr., jirogress will 
be arrested until the metallurgical problems involviid in 
the production of a material which will retain a greater- 
proportion of its tensile strength at high ti'mpei'ature are 
solved. While the problem of high temireratiire in its 
relation to existing materials of con.stni('.tion is a formid- 
able one, this is unfortunately not the only issue involvi'd. 
In order to secure the advantages of large powcu' output 
for a given size and weight, it is necessary to emi>loy a 
compressor of the centrifugal type for the eompre.s.sion of 
the induction air. Unless such an ari-a.ngemeut is !ulo])led 
there is little point in constructing a turbine at all. 
If a compressor of the reciprocating type be used, no 
advantage in this regard is obtained over the ordinary 
reciprocating internal combustion engine. Uniil, tliere- 
fore, improvement is effected in centrifugal eompn'.ssor 
design, comparatively large losses may be expected from 
this cause. 

It may therefore be infen-ed from tlu^ foregoing ihal 
whereas by comparison the steam-t\irl)ine, being able, to 
use a more extended pre.ssure and thendore lemi)eralure 
range, is more favourably situated than llu; ordinai-y 
counter-flow steam-engine, the gas-luiFine possi'sses no 
such advantage over the reciprocating internal e.oml)us( ion 
engine; for, while a certain gain is to be exju'cled Irom 
complete expansioir, the limitation imposcsl on c.ouibus- 
tion temperatures more than offsets this advantage. 
There is, however, a possibility that the decrease in weigiil 
and first cost due to the ab.sencc of boilers and condenser 
might incline opinion in its favour, even though tlie brake 
thermM efficiency is not likely to exceed Dial of a. lirsl- 
class steam-turbine plant and the fuel is likely to be more 
costly. A review of the possibilities of the ga.s-turl)iuc 
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does not, however, give much hope of the realization of 
efficiencies such as would encourage attempts to over- 
come the many difficulties with which the machine is 
surrounded, 

It may nevertheless be of interest to examine pos- 
sible cycles of the gavS-turbine in order to form some 
estimate of what these efficiencies may be. 

Cycle of the Gas-Turbine. — ^This may be considered 
most readily by I'eference to the temperature-entropy 
chart. 

Consider again the expressions already given for the 
change of entropy of a gas or gaseous mixture, the varia- 
tion of the specific heat being taken account of. 

— cjy^, ~ ({.^ log^ , v-|- & (T — If,) + logg 

^0 J V 0 

and - <^„ ==.= <7, b (T - T„) - 

Since and are constant for all gases, but b may 
vary, it is possible to construct a chart which will answer 
for all gases (per, of course, a mass in each case numerically 
equal to the molecular weight) by making use of the 
following device. 

J.et, for the sake of convenience, the axis of zero 
entropy \h) dra.wn vertical for a value of b -- o-ooi. 
d'hen, for any gas for whu'h the value of b differs from this 
ligure, ](‘l a iU‘w axis of zt'ro entnq^y be set up but inclined 
lo lli(‘ fornu'r at siK'li an angle lliat entropy clirferences 
diK' to tlu‘. change in h are measured by the horizontal 
inl(‘rc('|)( Ixiiwt'cn th(‘S(i ax(\s. 

Kef(‘rring (o lig. 5 (), OA is the axis of zero entropy 
for ga.st‘S lia-ving the ])a,rticular value o-ooi, ()I> is the 
axis of zero eulroi)y for ga.s(^s having some other (greater) 
valuta of h. In all cases adiahatie's for the gas in ([uestion 
li(‘ ])arall(‘l lo tlu^ appro])riate axis. 

l lu'u tli{' cycle, is trax'.ed as follows. I'hc fresh charge 
is coinj)nss(^(l along ()i in the case of adiabatic compres- 
sion, when' ()i is (lra.wn ])ara,ll(‘l to OA C(jnneding the 
j)()int of ze'i'o entropy with the valiu' of b for the Iresli 
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charge on the scale B, or along Oi' in the case of 
isothermal compression. 

In cases with regeneration — that is, the application 
of a certain proportion of the heat in tin; exhaust gases 
to the warming up of the fresh charge after coinjirtission 
and at constant pressure— the state point moves along 
the constant pressure curve from i or 1 ' to 4 , at which 
point combustion starts. If no regenerati()n is provided, 
point 4 coincides with cither point 1 or T, according to 
whether compression was carried out adialndically or iso- 
thermally. 



The procc.ss of combustion is tlu'nnodynamicallv 
equivalent to heat added from the outside. Duihig (his 
stage the state point moves from to 2 or e' according to 
whether combirstion takes p]ac(! at (Constant pressure or 
constant volume. If during this jiart of llie cAsIe a 
progressive change takes ]dace in the (^haracteri.sties of 
the working substance, this cliange is rellecled in Die 
progressive displacement of tlie axis OA from which 
values of the changes in eutro])y arc misisnivd. '1 lie 
gases then expand adiabatically along 2 or 2' p, (o (In' 
curve of constant back pres.sin'c Op. d Inr e.xpan.sion 
adiabatic is drawn parallel to the ap])roprial(' axis for the 
working substance after combust ion is completi'. If (In' 
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waste gases are applied to the purposes of regeneration or 
to the raising of steam in a boiler, their condition on 
leaving is indicated by the point 5 . 

The Determination of Efl&ciencies of the Gas- 
Turbine. — ^The effect of combustion upon the fresh 
charge is to change the number of molecules. Since, of 
course, the mass remains constant, it follows that if 
m be the apparent molecular weight of the mixture 
before combustion, and if 

nil apparent molecular weight of the mixture 

after combustion, and also if 

n be the number of mols. present before combustion, 
and 

Ui be the number of mols. present after combustion, 
then 

w the weight of the working substance = mn— nii tii. 
(Since the m()f.3,s, l)y definition, a mass of the substance 
numcrictdly ccpial to the measure of the molecular weight. 


w 

m 


n.) 


For all constant-pressure cycles the available total 
heat dro]) is given by 

W,, = I, - I3 

aud for constant-volume combu.stion 

VV,„ L. - L, - V 3 - (1^. - P,) l/.T 

'l lu' folal licat may b(' detennined from 
,-T 


I I ‘ (L -- T„) -1- 

and (he internal energy from 

(''y/T «„(T -T„)-|- 


/;('P -T/) 


b (T^ ^ T,,-) 


P '1' 


I'kir tli(‘ work done during adial)atic. comjiression, wc' 
hav(' 
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and for the work done during isotliennal compn^ssion, 


P 

w,, - 


in which Tg is the constant Uimpcrature during Ihe 
isothermal eoiupnssion of tlu'. fn‘sh ('ha,rg(‘, and P^ and l\, 
are the uppca- and lower limits of prc‘ssun\ n^sptu-.tividy, 
between which the coin])rc!SS()r works. 

Eor the mass of tlu^ working snhslaiK'i^ wlii('.h tak(‘s 
part in the action, the work (l(‘livc‘red is 

W'/ 1C, 

in which, as abovt', 

is the numbtn' of inols. preseiU aftia’ combuslion, 

W, is a measure of the work ideally availabh', and 
li, is the elhciency of tlu‘ lur))iiu‘. 

Similarly, the work which miisl be deiu' upon jhe 
compressor is 

W',- 

u 

1C.. 

in whi(dn as al)()V(‘, 

n is the iniinher of niols. ])re!.eii( before coinbuslion, 
W,. is a. nu'asure of lh(‘ W(»ik idi'alle iiecei.sio v {or 
compiaission, and 

IC,. is I lu‘ en'a'ieiH'V of (he e«UllpI e:^’.oi . 

'rh(‘ ue.l woi'k acliiidly avail. ib!e ia Iheiefoie 

Possible (iain in ICIlicieiuy from (lie more Com- 
plete Expansion in tlie (ias-'l’iirbine. W'lim ihi, 
([iieslion is iiu'cslif^ali'd willidiil in;. nil lo ilic liuiilal imi 
of tlie casing lt'aii)i.ra.luiv, aiiil iii-.",ln liiii.. ,ill fiirlinn ami 
oilier losses, it is found llmi llu- i;,iiu in ^■\•ell■ eHieiein v 
is grealcsl willi low inlios ol eoinjiri'.niiin. With, lor 
example, a ratio ol eonipicssioii of .| wr lind nn iiunease 
in the eycle eflieiency of fiuiu .;/-N lo ;()• ; per icnl., or 
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an increase of 41 *4 per cent., the assumed conditions being 
as follows : 

Initial pressure, 14*7 pounds per square inch. 

Initial temperature of the charge, 200 deg. Fahr. 

Final j^ressure, 14*7 pounds per square inch, and iso- 
thermal compression of the charge. 

Overall Efficiency of the Turbine. — On account 
of the necessity for limiting the casing temperature of the 
gas-turbine, the excess air drawn in with the fuel must be 
increased very largely. 

This has the unfortunate result that the ratio of 
positive work done by the turbine, W^, to the negative 
woi'k of precompressing the air before combustion, W^, 
is much less than in the ordinary reciprocating engine. 
This ratio, which we may call R, is of considerable 
importance in determining the efficiency of the gas-tur- 
bine. The compression work has to be done in a separate 
machine, which would pi^esumably always be a centrifugal 
compressor for the reason already mentioned. The net 
work of the turbine is then 

W 

W - W, E, -- ILS 

where and I^, are the efficiencies of the turbine and 
compressor respectively. This may also be written 



111 actual practice the value of would not be greater 
than 0*7, and the (‘fficic'iicy of a ('entrifugal compressor 
1C,, foi’ high ratios of coin])rcssiou on the isothermal basis 
is probably Jc'ss than 0*7 ICxamining the fa('tor 



it will be seen that ('ach of the three quantities .should be 
as large as po.ssibh*. Witli IC, and IC,. both ecpial to 0*7 
this fac'tor bce()m(\s negative, for R C(juals 2. d'his means 
that no work is available from the turbine under these 
cireuinstaiices. 
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vSiniilarly, for and \i, both e<jtial to o-(), R must bo 
great t!r tluui ’J> 77 in ordtT that tho tiuiuiio may be able to 
operate at all. 

Possibility of Utilizing the Heat in the Exhaust 
Gases. In any gas-tiirbine it will Ik* ftmnd that a een- 
siderablc fraction of the luKit of combustion (*s('a])es with 
the exhaust gasi‘s. A good tnrbim? perfonnaiuH* is not 
possible unless this heal is utili/.(‘d. 

Various proc(*(lun‘S havt* been used or se(*ni of suHicient 
proniis(i to justify analysis. 

T, The exluiust gases may ]>ass through a rt*gent*rator 
for healing tlu^ fri‘sh air. With a (‘otmlerllow arrang<‘nient 
the entt*ring air may bt* h(‘ated, aft(‘r com[u'essiou, to tin* 
temi)erature of tins exhaust gasi*s. 

2 . The (ixhaust gases may general t* stisim which 

{a) May he sent into tin* eomhustiou spaet* in a 
constant pressure* turbim*, or 
(h) May exjxmd through steam noz/.les and do work 
on tli(‘ buekels (theiH*l)y cooling them), or (?n a. 
speeial turbiiit* on tin* sane* shaft, or 
(r) May drive a special ('oiidtaisinf; steam lurbiiK' 
and snpj)ly part or allot tlie power lor ojjoral ing 
tli(‘ compressor ; or 

{(i) Variousconihinationsol’ tlieaboV(‘ may beiisc-d. 

Pressiu'e Limits in Chus-'I’urbines. riiciv is no 
S])ecial condition limiting tin* ('om})ression pressiiri* usi'd 
in a, gasdiirbine, but tie* iiK'reasc in (‘irK'ieiK'v from high 
compression j)ressiires is l(*ss than in iccipiocal iiig ('ii|.;iiies 
l)ccaust^ tile elt'KieiKy of (UMilrifiigal compicssois hills olT 
at high ])ressiires in ('onsisjuciuK' ol’ the higji dnisily of 
the air in tin* lat(‘r stages and (lu* n\sulline, incicasc in 
frictional loss{*s. 'flii! exhaust pri'ssiin* will b<‘ in tsxci'ss 
of atmosplu'ih'. pressim* when tin* heat of thr (wliaiist 
gas(*s is utilized in a n'geiieralor or hoilei, unless a gas 
exluiustt'r is t‘m])loye(h As an exhauster acts (ju IIh* 
gases after ilii'ir voliinu* lias heiai (limiiiished hy (K)oling, 
its use may show an inereasi* in thermal elliciency. 

Many modiheations of llie gas- 1 urhiiu* other than thosi* 
mentioned above have* hecai suggi'sted and emjiloyed. 
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The injection of water into the combustion space in 
conjunction with preheating the compressed air by the 
exhaust gases is analysed below. There have been 
several so-called gas-turbine projects employing an 
oscillating water column (as in the Humphrey pump) 
and a hydraulic turbine. These are really water-piston 
engines and are not considered here. 

Explosion Turbines. — Gas-turbines may be classi- 
fied in the same two groups as reciprocating engines, 
const ant- volume-combustion or explosion turbines, and 
constant -pressure-combustion turbines. These are strongly 
differentiated. 

In the constant-volume-conibustion or explosion 
ttirbine the action is intermittent. The compressed air 
and fuel are introduced into the combustion chamber, 
the admission valve is closed, and the mixture is ignited 
and exploded ; the nozzle valve is then opened and the 
products of explosion pass through the nozzle to the 
turbine buckets. After the pressure in the combustion 
chamber has fallen sufficiently, cooling air may be sent 
through the combustion-chamber nozzle and on to the 
turbine buckets, as in the Holzwarth turbine. The 
jiozzlc valve is then closed and the cycle begins again. 
Attention may be drawn here to certain features of this 
])roc(?ss. In order to operate, it is essential that the 
mixture in the combustion chamber should be explosive 
at the moment of ignition. This requirement limits the 
jK'rmissibh' ajuonnt of excess air, but to an extent which 
is not del(Tminal)le from existing data on explosive 
mixture's. With air ]u*elu’ating, tlie temperature of the 
('liaig(‘ will be liigh- a condition favourable to ignition. 
If tlu' fiK‘1 is injt'ctc'd very rapidly into air preheated to 
the ignition temp(‘rature and with the great turbulence 
which would (‘xist undc'r tho.se conditions, the combustion 
may lake place, as in a Diesc'l engine, with any quantity 
of fuel, however small ; but the combustion, though very 
rapid, will not be a. true explosion. 

Another .s])ecial condition which is inherent in the 
explosion turlhne is that the spouting velocity of the gases 
during the expansion period will fall from a miivimnm 
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at the instant of opening the nozzle valve to zero wluiii the 
pressure in the combustion chamber is t'cpuil to that in 
the turbine casing. This is not a condition favonrable 
to high turbine efficiency. Stodola shows for a particular 
case, with initial spouting velocity of 452() hiet per second, 
that the velocity wdll have fallen to gieHo fcjot jxir si:cond 
when 66 per cent, of the charge has passed, and to 1640 
feet per second after 96 per cent, has jiassed. He ihids 
a mean turbine efficiency of 63-5 ptir cent, in this case 
as compared with an efficiency of 70 per cent, for the 
most favourable gas velocity. These turbiiu; effieucnu'.ies 
do not take windage losses into account. 

Constant-Pressure-Combustion Turbine. In tiu! 
constant-pressure-combustion tiirbine there is a steady 
flow of air and fuel to the combustion chamlx-r and a 
steady discharge of products of combustion through the 
nozzles. The temperature conditions offer much more 
difficulty than with the explosion tyj)c‘. 'remjxjratures 
must be kept down cither by using a wry large; excu'ss of 
air, by injecting water or steam into Ihi; combustion 
space, by separate air or steam jets acting on Hie, Imckets, 
or by other device. This type, which has giv(.;n higlicst 
efficiencies in reciprocating (Diesel) engines, does not 
promise similar efficiencies in the gas-turbiiu‘ in (;()n- 
sequence of the low ratio of positive to negative work, 
R, and the low value of compressor efficiency, IC,.. 
which results from the high, compression ])re.ssures. On 
the other hand, turbine efficiencies, 1C,, are higher than 
in the explosion turbine, us indicated in Hu; preceding 
paragraph. 

Fuels.— Either gaseous or lupiid fuels may be used 
in a gas-turbine. Gaseous fuels must be pi'ecompre.ssed 
and may add seriously to Hu; negative work of (lie cycle, 
especially if the gases are of low healing value and llu' 
excess air is low. Liipiid fuels reipiire injection devices 
similar to tho.se irsed in Diesel or semi-Diesel engines. 
Ihe foi in of the combustion space can be made more 
favourable than is po.ssible in reciprocating engines. 

Conditions for High Efficiency. The conditions 
assumed for the calculations are in some resjiect.s not 
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practicable at present — this is especially true as regards 
casing temperatures, as already noted. The efficient gas- 
turbine must wait for metallurgical developments which 
will yield a metal better able to retain high strength at 
high temperatures than any now available. 

No attempt is made to calculate probable turbine 
efficiencies, E^, but it is evident that certain conditions, 
such as the reduction of windage losses, will favour higher 
efficiencies. The constant-pressure-combustion turbine, 
exerting a constant torque, will have a smaller percentage 
windage loss than the explosion turbine with intermittent 
applications of a lower average torque. A turbine with 
back pressure reduced by an exhauster will also have a 
smaller windage loss. On the other hand, an explosion 
turbine with short expansion period followed by prolonged 
cooling by low-pressure air, will have a low turbine 
efficiency if the conditions are such that the turbine acts 
like a blower and speeds up the cooling air as it passes 
through the buckets. Stodola estimates the use of over 
16 per cent, of the turbine power to carry out the cooling 
by low-pressure air in this manner. With high-pressure 
air it is probably not less. 

Efficiencies of Various Cycles. — ^The calculation 
of the efficiency of a gas-turbine, using variable specific 
heats, can be carried out most readily by the use of a 
temperature-entropy chart such as is given by Stodola. 
'Phe process of calculalion and the values of the specific 
heats have already been given. In most of the cases 
considt'rcd these (uilculations have been made for some 
assumed casing ttnnperature and fora series of compressor 
and Inrbine efficiencies. 'I'be turbine ePficiencics cover 
all Ihc losses, including nozzle friclion, bucket friction, 
windage, residual kinetic energy, and machine lo.sses ; 
that is, they are the rali(j of brake work to the adiabatic 
total-heat drop from combustion-chamber conditions to 
exhaust ])ressure. All the enengy lost in the turbine is 
assumc'd to lu^ used in heating the gases at constant 
pressure from the tempi'rature at the end of adiabatic 
exi)ansion to the casing temperature. With a fixed 
casing temperature and a fixed combustion pressure this 
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requires a different combustion temperature for each 
assumed turbine efficiency. 

Certain conditions have been assumed for all the oase.s 
considered— with a few exceptions as noted : 

(a) Wlien gaseous fuel is used, it is assumc'cl to have 
the volumetric composition : H2 ■ ; (X) . ^ 22 ; 

CO2 = 10 ; Ng — 57 per cent., and a low heating 
value of 102 B.Th.U. per cubic foot at 14 • 7 pounds 
per square inch abs. and 60 deg. P^ahr. 

(/;) Wlien oil fuel is used, it is a.ssunie(l to have the! 
weight composition : C 86 -5 ; lly -= ir-2 ; 
Na = 2-3 per cent., and a low healing value of 
18,610 B.Th.U. per pound. 

(c) The effect on volume of molecular .shrinkage chu! 

to combustion is neglected ; tlu! resulring error 
in the calculated efficiency is less than i per 
cent. The change in chemical composition is in 
other respects taken into account, as already 
shown. 

(d) The heat of combu.stion is assumed to be tlu! same 
at constant pressure and at constant volunu'. 
The actual difference is le.ss than 0-5 per (!i,'nt. 
Similarly, the variation of heat of coinlmslion 
with temperature is neglected. 

(r) The pressure drop between tlu! air compressor 
and the combustion chamber is neglected. 

(/) Compre.s,sion efficiencies are all on tlu! i.sothermal 
basis. The compressed air is supi>osed to liave 
the room temperature when it reaches llu! 
regenerator or combustion (-.hamber. 

(g) The radiation loss to the walls of the combustion 
chamber is assumed to be 10 per c.ent. of the 
heat of combu.stion. In most ca.ses this heal is 
regarded as lost, but in certain spec^ilied cases 
it is utilized in generating steam. 

{It) The pressure of the exhaust ga.ses before passing 
through the regenerator or steam boiler is 
generally a.ssumed to be 17 -ot) pounds per s(|ua,re 
inch abs. when e.xhausting to the atmosphere. 
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{i) Most of the calculations assume an initial air 
pressure of 14-22 pounds per square inch abs., 
which is 3 per cent, less than the standard 
atmosphere. The difference between this pres- 
sure and the standard atmosphere may be 
considered as the pressure drop of the air enter- 
ing the compressor. Its effect on efficiency is 
quite negligible. 

if) Spouting velocities are always theoretical quan- 
tities assuming no nozzle loss. 


CALCULATED PERFORMANCE OF GAS-TURBINES 

(a) Explosion Turbine with Regeneration. — The 
highest turbine-casing temperatiire which seems likely 
to be practicable, according to present indications, is 
932 deg. Fahr. With e.xhaust gases at that temperature, 
and with an efficient regenerator, a temperature of 
842 deg. Fahr. for the charge entering the combustion 
chamber should be obtainable. The efficiencies attain- 
able under these conditions and with compiession-pressure 
ratios 5, 10, 15 and 20 are given iiiTable 1 . (p. 169). Blank 
spaces indicate negative values of the brake thermal 
efficiency, i.c. the turbine work is not sufficient to drive 
the compressor. The temperatures after adiabatic expan- 
sion arc the temperatures at which the gases would leave 
a frictionlcss expansion nozzle, 'fhe reheating due to nozzle 
and bucket friction, windage losses, and residual kinetic 
eiK-rgy is the difference between the casing temperature 
a,nd the temperatures after adiabatic expansion ; in this 
case it ranges from i.jf) to 470 deg. h'alir. The amount of 
excess air is so great (ranging from 533 to 1796 per cent.) 
tlrat no explosive mixture is possible ; the cycle would 
prcsumalfiy have to l)c carried out by injecting the fuel 
rapidly as in a semi-Diesel engine, 'flic spouting veloci- 
ties ai'C the maxinuim values (disregarding nozzle friction) 
and diminish from the given values to zero. Ibcy arc 
moderate and can be readily taken care of without 
necessitating excessive peripheral speed for the turbipe 


JLUO 


jL ±j.xjx\xy±\yj^ X iNrxmxv^v:) 


buckets. The ratio of bucket speed to spouting velocity 
should be lower for gas-turbines than for steam-turbines 
because of their greater windage loss. 

(S) Explosion Turbine with Regeneration and 
Cooling.— -The conditions of Table I. have bctni selected 
as apparently those giving maximum efliciency for an 
explosion gas-turlrine with regenerator but without any 
special cooling device. If the gases reach a temperature 
in excess of 932 deg. Fahr. in the turbine casing, it becomes 
necessary to add some device to keep down the tempera- 
ture of the buckets and turbine disc'.. If the cooling- 
device is a jet of high-pressure air expanding on to the 
buckets, it will consume power for compre.ssing the air, 
and all of this power will not be I'ocovored at the biudrcts. 
If it is low-pressure air the buckets will do woric on it. 
The magnitude of the power rccpiired for this i)uri)ose 
depends upon the details of the particular scheme used. 

Stodola gives charts showing the ollicicMicies of oxi)lo- 
sion turbines with regenerative heating of the compressed 
charge to 1022 deg. Fahr., and with casing temperatures of 
rii2, 1472 and 1833 deg. Fahr. Table II. (p. 170) has hecui 
compiled from these charts. The tabulated values cannot 
be regarded as attainable unless there should be developed 
turbine-rotor materials capable of withstanding these 
high casing temperatures. The additional work reejuired 
for cooling the rotor may bo taken into account by 
assuming lower values of the c()inpre.ssor 01 turbine 
elhciency. With prolonged cooling by low-pre.ssurc; air, 
alternating with the discharge of the hot explosion gases, 
the windage loss of the turbine will Ik; inue.b increa.scxl 
and the turbine cllicicncy correspondingly reduced. Tluc 
higher the casing tcmircraturc (cidculated on I In; assump- 
tion of no air cooling) the greater will be tlie negative 
cooling work. 

(c) Explosion Turbine with Regeneration and 
Water Injection.— Another possible method of lowering 
the casing temperature is by injecting water into the 
combustion space. This case has been calculated for com- 
bustion with 100 per cent, excess air, a cxising tem[)eratm c 
of 932 cleg. Fahr., regenerative heating of the compressed 
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air to 842 deg. Fahr., and a compression-pressure ratio 
of 15. P'or each assumed turbine efficiency there is a 
definite weight of water which must be injected to give 
the desired casing temperature ; this weight is found by 
gi aphic methods and is given in Table III. The explosion 


TADU! III.— CALCULATED I’EKFORMANCE OF EXPLOSION GAS TURBINES WITH 
Rl'XHiNERATIVK HKATING OF THE COMPRESSED CHARGE TO 842 DEG. 
FAHR., WITH WATER INJECTION INTO THE COMBUSTION CHAMBER, AND 
WITH TURBINE-CASING TEMPERATURE 933 DEG. FAHR, 


AssumpHons : Compression pressure, 213 ’4 per sq. in, abs. ; back pressure at gas-turbine, 
17 -oO lb, per sq. in. abs. ; fuel, oil ; excess air, 100 per cent. 


Turbine elticiciu'.y, per cent. 

Ratio of weight of water injected to 
weight of air and fuel . 

ICxplo.sion pressure, lb. per sq. in. gauge 
Explosion temiieraturc, <lcg. Fahr. 
Temperature after adiabatic expansion, 

cleg, Fahr 

Initial spouting velocity, ft. per sec. 


Compressor cnicicncy, per cunt 


(55 

()0 

O5 

70 

W5 


55 

Co 

65 

70 

75 

0*415 

0*387 

0*358 

0*328 

0*297 

318 

331 

345 

358 

37H 

I5b2 

1654 

1737 

1827 

1935 

5IS 

550 

585 

621 

657 

4190 

4270 

4360 

4460 

45C0 

Brake thermal efl'icicncyj 

, per cent. 


7*7 

11*3 

14*8 

18^ 

22*3 

9*8 

13-4 

17*0 

20*7 

24*5 

11*8 

15-3 

19*0 

22*6 

20*5 

13-5 

17*0 

20*6 

24*2 

28*0 

15*0 

18*6 

22*3 

28*0 

29*7 


pressures and temperatures and the spouting velocity are 
seen to be moderate ; but the possible brake thermal 
efficiencies are not very promising- — not more than 20 per 
cent, could probably be realised. 

(ci) Explosion Turbine Combined with Steam- 
Turbine Operated from Exhaust-Heat Boiler. — 
Rcgencnitive heating of the compressed air increases the 
explosion and casing temperatures for a given amount of 
fuel burned, or, if the casing tcmjDciature is fixed, increases 
llie amount of excess air necessary to keep down the 
teinj)era.tures. It consequently increases the nega.tivc 
work of llic conqiressor a.n(l diminishes thereby the over- 
all efficiency. A Ixdtcr inelhod of utilizing the heat of 
the exluiust gases is to generate medium- or low-pressure 
steam with it and to use this steam in a steam-turbine. 
W'ith a high cxliau.st temperature, a combined efficiency 
of boiler and economizer of 80 per cent, may be assumed 
as a possibility, and a sleam-lurbine efliciency of 20 per 
cent, d'he steam-plant efficiency is then 1 6 per cent. , and, 
in most cases, the steam-turbine work will be more than 
is required for driving the compressor. 
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The gas-turbines built by Holzwarth are of this kind, 
with the steam-turbine driving the comi)ressor and with 
all the gas-turbine work available. As the casing tem- 
peratures are high, air cooling is also employed. This 
case has been calculated by Stodola for casing tempera- 
tures of III2, 1472 and 1832 deg. Fahr.,and for a steam- 
plant efficiency of 16 per cent. Any excess of steam- 
turbine work over that required to drive the compressor 
is added to the gas-turbine work. The efficiencies attain- 
able are given in Table IV. and arc seen to be higher than 
the corresponding efficiencies in Talrle II, , cxpecially for 
the lower compressor efficiencies, It should again be 
remembered that the additional negative work imposed 
by the air cooling is not here taken into account, unless 
lower tui'bine efficiencies are assumed for this purpose. 
When air cooling is employed the exhaust-gas tempera- 
ture falls, so that the attainable stoam-i)lant cfficiencicH 
would be lowered and the brake thermal efficitnicies 
correspondingly reduced below the values of 'I'able IV. 
The plant becomes veiy complicated with air compre.ssor, 
gas-turbine, boiler, steam-turbine, condon.scr, feetl pump, 
etc. 

The conditions of Table IV. demand a large excess of air. 
A further analysis of this cycle is given in 'I'able V. in 
which the excess air is kept at 50 per cent., wliicli would 
presumably ensure an cxplo.sive mixture. 'Ilic casing 
temperatuie will then vary both with the amount of n;- 
heating (turbine efficiency) and with the compression 
ratio. This case is investigated for no compression and 
for comprcssion-prc.ssure ratios of 2 and 3, 'Ilui casing 
temperatures arc very high, ranging from Kjoe (o 2. 117 
degr Fahr., so that cooling, with its atlendant lo.s.ses, is 
necessary ; no account of these lu.sses is takmi in Table V. 

Three different efficiencies are tabulated. Column ,) 
gives the brake thennal efficiency in the case where? the 
compression work is done by the sleam-tmTine and no 
excess work is available from that turbine?. 'Ihe? hist 
three columns show the steam-plant efficiencies that are 
necessary if the steam-turbine devedops exactly the penveT 
required by the compressor ; as this ranges from 5 • cS to 
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TAJBLE V— CAXCULA.TED PERFOI^L-^XE OF EXPLOSION GAS TURBINES WITHOUT REGENERATION BUT WITH EXHAUST HEAT USED 
TO GENERATE STEAM AND DRI^X A STEAM-TURBINE, WTTH CHARGE PRECOMPRESSION AND EXHAUST TO ATMOSPHERE. 
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15 'I per cent, it may be regarded as a possibility. Cols. 
4 to 8 give the brake thermal efficiency of combined gas- 
and steam-turbines when the steam-plant has an efficiency 
of 15 per cent. It may be noted that, under these condi- 
tions of operation, precompression of the charge is not 
particularly valuable ; for example, if compressor effici- 
ency is 70 per cent, and turbine efficiency is 60 per cent., 
the brake thermal efficiency with a compression-pressure 
ratio of 3 is 28 *8 per cent, as compared with 25 *7 per cent, 
when no compression is used. 


TABLJi: Va.— SUPPLEMENTARY DATA FOR TABLE V. 


Ratio of compression .... 




1 

2 

3 

Ii;xplo.sion ]>ressure, lb, per sep in. 




93 

198 

317 

Explosion temperature, cleg. Fahr. . 




3 U 3 

.3412 

3412 

T!-:n''"”r:';::T: r-f'.Ti ex. deg. Fahr. . 




2093 

1722 

1526 

Si. ju.i:..’ f.. 




4570 

5130 

5400 


Supplementary data for this case are given inTable Va, 
which shows that the spouting velocities are high and that, 
in this respect, the condition with no precompression of 
the charge offers least difficulty. On the other hand, it 
is the condition with highest casing temperature and 
conseciuently of maximum cooling work losses. 

{e) Explosion Turbine Combined with Steam- 
Turbine Operated from Exhaust -Heat Boiler with 
Charge Precompressed and Reduced Back 
Pressure. — By the addition of an exhauster to a gas- 
turbine, the density of the medium in which the turbine 
rotates can be reduced and the windage losses conse- 
(luontly diminished. Spouting velocities will increase if 
the other conditions are xinchanged, and this may neces- 
sitate a speeding up of the rotor and an increase in 
windage losses from this cause. The additional work of 
increased cL\])ansi()ii of the explosion gases is offset by the 
work required to be done on the exhauster. Since the 
cxlianstcr acts on the exhaust gases after they have been 
cooled (desirably to atmospheric temperature), the nega- 
tive work of the exhauster may be less than the mcrea.se 
in work done on the turbine, and an actual increase in 
brake thermal cOicicncy may be possible. Table VI., in 
which the performance of a turbine plant of this type is 
given, shows but little change in brake thermal efficiency 
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as compared with Table V., which is the generally similar 
case without exhauster ; any advantage is to be looked 
for principally in reduction of windage loss. The com- 
plexity of the plant is even greater than in the preceding 
case in consequence of the addition of the exhauster. 
With fuels containing sulphur there will be diluted 
sulphuric acid in the cooled exhaust gases, and corrosion 
of the economizer and the exhauster would have to be 
guarded against. From the last three columns of Table VI. 
it is apparent that the steam-turbine would not be able to 
drive both the compressor and the exhauster for ratios of 
compression (= ratio of exhaustion) greater than 2. 

Table VIA contains supplementary data for the condi- 
tions of Table VI. 


T.\nLE VIA.— SUPPLEMENTARY DATA FOR TAIiLE VI. 

Ratio of compression ratio of exhaustion . 11-5 2 3 

,.T M, j,j ... go 143 194 299 

i '■ ■■‘■u . Fahr, . . . 3352 3352 3352 3352 

: .■ X".-- ■: (leg. Fahr. . . 2150 1760 1530 1329 

;■■■■! ;1^8o 511U 5^50 3810 

Further calculations for this cycle are given in Table 
VII., with the following differences in conditions from 
Table VI. Gas fuel instead of oil fuel; back pressure at 
turbine, 3 inches of water above exhauster pressure instead 
of 2 ’84 pounds per square inch ; calculation made only for 
ratio of compression pressure = ratio of exhauster ==: i *5. 
'riic lesulting brake thermal efficiencies are improved 
by the reduction in back prcssuic ; the windage losses 
would also be reduced. 

(/) Constant-Pressure-Combustion Turbine with 
Rej^cneration. If no cooling device is used the maxi- 
mum ])c'rmissil)le casing temperature may be taken as 
()32 deg. Falir. and the corresponding regenerative 
luxitiug to 832 (leg. Fahr. d'hese are the same as the 
conditions assumed for the cxidosion cycle of Tabic 1 . 
'I'lic calculated ]X‘rf()rma.nce of this cycle is given in d'able 
Vlir., for tlie same compression ratios as in Table L; 
the eni('iencies obtained are not very different in the two 
cases and arc higher for the explosion cycle except at 
low compression-pressure ratios. The casing temperature 
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limits the maximum combustion temperature and thereby 
limits the amount of fuel that may be burned. The 
excess air consequently is very high, ranging from 485 
to 1580 per cent. This results in a high i^atio of the 
negative work of compression to the positive work of 
the turbine and thereby results in a low brake thermal 
efficiency. 

(g) Constant-Pressure-Gombustion Turbine with 
Regeneration and with Cooling of the Buckets by 
Steam Jets, — The constant-pi*essnrc-combiistion turbine 
without cooling (Table VIII. ) is necessarily of low efficiency. 
Air cooling entails considerable losses. Another possi- 
bility in cooling is to generate steam by the exhaust gases 
and to expand this steam through nozzles on to the gas- 
turbine, which thus serves both as a gas- and a steam- 
turbine. The steam will be used inefficiently in this case 
as it will be operating as a non-condensing turbine, but, 
as it discharges as wet steam at 212 deg. Fahr., it will serve 
as an excellent cooling medium and will reduce the casing 
temperature. 

Two cases of this cycle have been analysed. In both 
of them oil fuel is used with 100 per cent, excess air, a 
bucket peripheral velocity of 800 feet per second is assumed, 
the back pressure at the turbine is taken as 17*06 pounds 
per square inch abs., and the exhaust gases are supposed 
to be cooled to 180 deg. Fahr. above the steam temperature 
in the exhaust-heat boiler and then to go through a 
rc'geiicrator. It is also assumed in both cases that the 
10 per c(‘nt. of the heat of combustion which goes to the 
conibustion-chainher walls is used in evaporating water 
in the jackets around it. The compression pressure is 
1 01 ])()iin(Ls ])er scpiare inch abs. 'I'he steam-nozzle 
velocity coeriicient is taken as o*(}5. The combustion 
temperature is 2^70 deg. fikdir. 

(i) In the first case it is assumed that steam isgcncratcd 
at such pre.ssure that it has the same spouting velocity as 
the gases (3600 feet ])(‘r second) so that it can be efficiently 
utilized by the turbine. 3 'he gas- and steam-turbines are 
assumed to have 70 per cent, efiicicncy, the compressor 
Go per cent. 
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('oinputations on this basis yidd the following results : 


Weight of Hieain gt^ncniietl ptT lb. of (txhaust gan, lb 0*214 

PrthSHun* of steam, 11). per Htj. in. ab.s 

( hiH toini)i;raturf afUn* ufliabalio expansion, tleg. h'ahr 1441 

('using ttnnpt*ratun^ of gas alone, cleg, b'ahr 1^4,- 

(Jualily <tf steiun after udiabatiu expansion (>‘75*1 

(Quality of steam after reheating in turbine 0*845 

c'^asing itnnintratnn^ with uoiubined gas and .sttnim, deg. Kahr. . . i2()() 

Hnikct thermal elheitumy, per tumt 20-5 


(ii) 'Hid st(‘ani prtissurd necessary to give the required 
spouting velocity in case (i) is very liigh (1070 iiounds per 
scpian^ int'.h abs.). It sta^mtnl desirable* to make computa- 
tions also for the cast? in which the st{*am a(ds only on the 
stH'.ond row of bu('kt*ts and ronstnpuditly lias a spouting 
vtdocity (d 1800 ftn*! pta st*('.ond. Jt was assunmd for 
this case that tlu'stt*am" turbin(' (‘Hicieiu^y was 70 per 
gas-turbine tdlioienty 75 per et'nt., (uimpn^ssor eriiciency 
()5 p(*r cent. Tlu^ ('ompuled re.sulls follow. 


W(hght of steam gmnn'ated per lb. of exhaust gas, lb o'.tH 

PnvsHure of steam, lb. per srp in. abs 15 * 5 

( las t(*mp(*ratnre after adiabjitiu expansion, deg. l-ahr . 14.^ i 

Casing temi>enilure of gas alone, deg. bahr 

(jnality of steam after adiabatic. ex])anHion 0-940 

(jualily (jf steam after rclu-ating in turbine o*()7 

Casing temiu-raiun; with combined gas and st(*am, deg. l''ahr. . . 1184 

ilrake tlierm.al elliciency, p(*r cent 19*9 


It will be smi that the (-.ascs calc.iilalud above yield 
casing temporat tires of 12(19 and deg. I'abr. re.spec- 
livdy, which an; too high to lie praclicahlc. With larger 
c.xc.c.ss air this condition could bt; remedied, lint at the 
eost of redneed lirake tlienmd eflieieiieies. 'I'lie.se eHici- 
eneies tire alretidy (piii<‘ low. 

(A) Constant-I’rcssure-Oonibustion 'rurbine with 
Regeneration and w'ith .Steam Injection into the 
(lombustion .Space. .Anotlicr met hod ol ii.siog tlie 
sti'iuu genenited in iiii e.xluuist gas lioiler is to diseliarge it 
directly into the eoinbnstion space. It is assumed to lie 
generated ;i.t 10 jier cent, iibovi' tb<‘ compression |)ressure. 
As no iidditional cooling is n.sc'd, the easing temperature is 
limited to ()32 deg. Ihihr. 'fhe e.xliiinst gtises ;ire a.s.snmed 
cooled to 572 deg. h'alir. in the boiler, tlie eompre.ssod tiir 
is lietUo.d by the regenerator to 3()2 deg. I''iilir., :ind the 
feedwater is lietiled by tin' e.xlianst gases to 122 deg. 
Fahr. In acldiliou to the hetii from the exhaust gteses. 
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the 10 per cent, of the heat of combustion which goes to 
the jacketed walls of the combustion chamber is assumed 
to be used in generating steam. The back pressure at the 
turbine is 17 -06 pounds per square inch abs. 

TABLE IX.— CALCULATED PERFORMANCE OF CONSTANT- 
PRESSURE-COMBUSTION TURBINE WITH STEAM INJEC- 
TION INTO THE COMBUSTION SPACE, WITH REGENERA- 
TION TO 392 DEG. FAHR. AND WITH TURBINE-CASING 
TEMPERATURE OF 932 DEG. FAHR, 

Assumptions : Oil fuel ; excess air, 200 per cent. ; steam pressure, 
10 per cent, greater tlian compression pressure; back pressure, 
17-06 lb. per sq. in. abs. ; steam generated by cooling exhaust gases 
to 572 deg. Fahr. and by 10 per cent, of heat of combustion going 
through combustion-chamber walls; feedwater heated to 122 deg. 
Fahr. by exhaust gases. 

Compression-pressure ratio . , 40 17-6 10 

Combustion temperature after steam 

admixture, deg. Fahr. ... 1571 1557 ^55^ 

Temperature after adiabatic expansion, 

deg. Fahr 369 5(^5 73o 

Turbine efficiency ratio, per cent. . 54-9 64-2 76-1 

Spouting velocity, ft. per sec. . . 4210 3840 3500 

Brake thermal efficiency, 
per cent. 

5-8 1^8 

9-5 i6-8 

3*3 12-6 19-2 

6-7 15-2 21-4 

9-7 17-5 23-2 

This case was calculated for an assumed excess of air. 

This gives a definite combustion temperature and also, 
for each compression-pressure ratio, a definite tempera- 
ture at the end of adiabatic expansion. With a casing 
temperature limited to 932 deg. Fahr. this fixes the amount 
of reheating in the turbine and therefore the turbine 
ediciency. In l'abk‘ IX. the turbine enicicncies are those 
which must lie rc‘a('lu‘d if the casing ti'inperature is not to 
exceed the stati'd value. 

When calculated for 100 per cent, excess air, the 
turbine elhciencics must be over 85 j^ier cent, if the casing 
temj)erature is to be kept down to 932 deg. luihr., even for 
very high comi)ression jire.ssures. 

With 200 per cent, excess air, the ratio of weight of 
steam to weight of products of combustion is 0’T^4 and 

llw' 1 ir/* iif tlw‘ of tlie 
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steam is 1833 cleg. ITilir. The calculated eriiciencies and 
other data are given in Table IX, 

An examination of this table shows that with turbine 
efficiencies of 54*9, 64*3, and 76-1 per cent, the necessary 
compression-pressure ratios, if the casing temi)erature is 
to be kept clown to 932 of abs., are 40, iy-(), and 10, 
respectively, With turbine efficiency of 7 ()m ])er cent, 
and compressor efficiency of 75 jx'r cent, (l)oth values 
beyond existing possibilities) the brake thermal efficiency 
is only 23 *2 per cent. 

Conclusions— The advantages which 11 k‘ st(‘am- 
turbine has over the reciprocating engine are chielly high 
rotative speed, absence of cylinder oil, largt^ ])owc'r pc‘r 
unit, low weight, low attendance cost, coinpaedness, 
simplicity, small weight, and higlun' (‘ffi(at‘n('y. 4'lie 
gas-turbine also has the lirst three itv.im as probiible 
advantages, but the other items cannot be deiinitely 
claimed, at any rate in so great a degn‘e as in the 
steam-turbine. A simple gas-turl)ine without us(‘ of tlui 
exhaust heat would have too low an efficiency to bc^ 
practical. If a regenerator is added, but no ])rovision 
for cooling is made, the oj)erating conditions luivt^ to 
be such that the eHiciencies obtainable arc vi‘ry low. 
If cooling is provided the weight and ('omj)li('alion of 
the plant increase. With the explosion turbine (which 
appears to be the most ja'actical in view of tlu* lowi'i* 
compression pressures re([uired and llu' possihililit's of 
cooling) the use of valves in th(‘ combustion (ffiamlx'r 
introduces a type of coinidication from whiffii tin* sh'am- 
turbine is free and which may b(‘ (‘X])ecte(l to Ix^ tlu‘ 
source of much trouble. 

We are thcrefoie forced to the coiH'hision tliat, rycn 
with the increase in comj)ressor and turhiia* (‘ffi('i<‘n('ies 
which may be ex|)ecl(‘d to lesult Iroiii furllu'r dcivelop- 
ments, it seems liighly improbable that brake thermal 
efficiencies as high as 23 pv.v cent, ('ould be obtained. 
The maximum that has been claimed up to tlu* prc'seiil is 
only 13 per cent., a Jigure whicli com])ares ill with I)rak(‘ 
thermal efficiencies (jf about 34 per cent, obtained with 
Diesel endues and about a8 nt‘r c(«nt. wit li tlu* Kiill (MwUnn 


THE EXH AUST-GAS-TURBINE ^ 


While little success has attended efforts to build a gas- 
turbine capable of dealing with the total available 
temperature and pressure range of gases heated by internal 
combustion, there would appear to be a field for the 
employment of this type of prime-mover in the utilization 
of the waste heat in the exhaust gases of an ordinary 
reciprocating engine. The most notable achievement in 
this direction is the application by Professor Rateau 
of the exhaust-gas-turbine to the aircraft motor. It may 
be of interest therefore to inquire into the peculiar 
circumstances which led to its evolution and subsequent 
commercial success. 

The Need for the Exhaust- Gas Airplane Turbine. 

The exigencies of war conditions called for speedier and 
speedier planes rising to ever greater heights, and, as will 
be shown, there is considerable advantage to be derived 
under noi'mal conditions of commercial service from high 
altitude flight. Hence the problem has really two aspects : 
the derivation of greater power from the engine with a 
ininiinum increase in weight and complexity, and the 
amelioration of the low temperature and density conditions 
of the upper atmosphere. 

The Advantages of ‘ High Ceiling.’ — Tiie essen- 
tial diflerence between the circumstances of air loco- 
motion, and those of other forms with which we are 
familiar, is that, whereas the latter arc determined by 
factors such a.s the resistance of water, or air of nearly 
uniform density, which vary according to some power of 
the speed, the aeroplane is at liberty to select its own 
medium if it can rise sufliciently high. 

^ '1 he Jiiillior is iiulcbted for inforiiKUion ('oiK-crninf^ the cxluuisl- 
^^asaurhiiic to the urigiiuil paper of Prolessor Rateau, piiblislied in 
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The time taken by a transatlantic liner to cross 
from Europe is a compromise between the demand on 
the one hand for a rapid passage, and the cost, based 
upon fuel consumption, on the other. In ocean travel, 
for example, there comes a point comparatively quickly 
where the gain in time is out of all proportion to the 
expenditure involved, the resistance to the motion of the 
hull obeying the basic fluid law : 

R oc pv'" ... (1) 

n having the value two (approximately) and p being a 
density factor. 

This, of course, is true of the aeroplane also ; but p 
diminishes with an increase in elevation and jnay thus 
be made as small as possible. The proposition may be 
stated generally in the form : 

R = kpv^ . . . (2) 

where k comprises a function of the incidence of the wings 
plus a constant for the fuselage, etc. 

The work done by the airscrew at a givi'ii velocity 

V is 

= Rz; ft. lb. per sec. . . ( ]) 

Hence we have from equation (2) alxn't* : 

Rz; -- , (^1) 

and thus we see that 

( 5 ) 

the work done remaining constant. 

vSuppose, for example, to take a specific case, that an 
aeroplane can fly at 170 miles p(a' hour n(‘ar tlu' ground. 
What speed would it have at siudi an (‘Itivalion I hat p 
had only one-fourth of its value at the t‘arlii's siirfa('(' ? 

We have from (5) above that 

9o' I p;, I 


V oc 


V 
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We cannot, of course, practically neglect the increase 
in weight due to the larger wing area and other compli- 
cations which may be necessary to reach the desired 
height ; but sufficient has been said perhaps to indicate 
the advantages of what is termed 'high ceiling/ 

Pressure and Temperature in the Upper Atmo- 
sphere.— We turn, therefore, to a consideration of 
atmospheric density, in its relation to elevation, in order 
to fmd whether the change in the magnitude of p suggested 
above may be expected at an attainable elevation. 

The curve relating pressure and elevation in the 
atmosphere has a negative slope. In order to fix the 
ideas, consider a vertical column one square foot in 
cross-section. At any particular height 

dp 

where dp represents the change in pressure in pounds 
per square foot, and dlt represents the corresponding 
increment of the elevation, reckoned from the ground 
level. 

d'liis becomes 

dp ~ — dhp . . (G) 

Now, if the temperature of the air were constant, p 
would 1)0 pi-oportioiuil to p and we should have 



and hence 

dp == - d/ip, . . (7) 

■Po 

and thorof(U-e also 

dh t- 

p- p 

where p„ density at ground level 
/)„ : : pressure at ground level 
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Integrating between assigned limits, 

0 P" J ^ 

which gives 

. . («) 

P» po 

and enables us to determine the pressure p/, at a given 
height H. The numerical value of the factor-^" is easily 
found as follows : 

= 14*7 X 144 pounds per square foot 

=r= 0-08071 pounds per cubic feel at cleg. l"ahr. 

h 147 X 144 „ 
p,, 0*08071 

The expression may now be written 

H = -26230 X 2-303 log, . (()) 

Po 

— — 60400 log 10 r 

where r is the ratio in which the pressure' falls, between 
a point on the surface and another point II feet verlieally 
above it. 

This is generally known as the Ilalk'y formula, and 
is not applicable in this form to tlu' lower strata of the 
atmosphere due to the change in tein[)eralnre. 

Balloon and other olxservations show that al)ove some 
six or seven miles the teinjx'rature remains sensil)ly con- 
stant at about — 65 deg. Fahr., after a more or less 
steady fall of about i deg. I'ahr. jx'r ;j ; ; feet change in 
elevation. 

When modilk'd empirically e(iuation (ij) l)e<-omes 

H = - 60400 [x -^,^^'^,Jlogu,r . (10) 

The factor |i — ) it will be observed, pro- 

( 285000) ' 
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increase in H, and equation (10) should obviously not be 
used beyond the boundary between the stratosphere and 
lower atmosphere. 

Selecting, then, a point at an elevation of 34,320 feet, 
let us calculate by means of equation (10) the pressure 
at this height. Then, knowing the temperature, we are 
in a position to determine the density p. 


34320 = — 60400 


I 


3432 Q 

285000 


|logiof'>-logioA} 


34320 60400 (I - 0-122) (logio A. - logioi«>} 


(.ojo'o x - ‘oe- X 144 = - I0S.0 P 

logio P == - 0-645 + 3-3255 

P ~ 479-2 pounds per square foot 
= 3'33 pounds per square inch. 

Now, the temperature of the atmosphere at this eleva- 
tion is about —43 deg. Fahr., and hence the density 
becomes 

_ 3:33 4 ^ 

P 3 -I 3=0 — 14.7 ^ 417 P“ 

= 0-250p„ 


or one-fourth that at ground level. 

Thirty-four thousand three hundred feet is five 
thousand feet higher than Mount Everest and beyond 
the limit where respiration is supported in safety. The use 
of the stratum at this lieight would doubtless entail the 
])rovision of an airtight cabin for passengers and crew. 

The Influence of Low Atmospheric Density upon 
the Motor.— We come now to the consideration of the 
influence of the change in atmospheric density upon the 
motor. If the carburetter produces a constant ratio of 
petrol and air, the l.H.P. would then be proportional 
to the weight of air entering the cylinders per minute. 
Other factors remaining constant, the power developed will 
diminish witli p and the available power at the screw will 
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demand by valve gear, oil and water pumps, frictional 
resistances, etc. for power. 

The torque applied at the screw is given approximately 


by the expression T 


K 



, where K is a constant 


for the individual motor and y equals a constant having 
a numerical value of about 0’i2. 

There is thus a very definite limit set to the height to 
which the plane can climb, since no increase in the engine 
speed could ultimately prevent the torejue becoming 

zero when = o-i 2 . 


pu 

It will also be apparent that, if the density of the 
inhaled air can be maintained constant, the limit of 
height will be fixed by the mechanical strength of the 
air-screw, for, of course, as the atmospheric chmsity 
diminishes, the angular velocity of the blades must be 
increased. 

Early Designs. — Dui-ing the war sevc.'ral of the 
belligerent nations, including France, luigland, and 
Germany, experimented with devices designed to maintain 
the density of the inclucticm air. 'I'hese early designs 
embodied a compressing fan, driven through a change 
gear directly by the engine. These ])roposals a])p(!ar to 
have suffered from their complexity and the inherent 
disadvantage of reducing the net availal)h^ power by an 
appreciable amount. 

The turbo-compressor designed by l’!ofc!.ssor Ralean 
(France) utilized the waste heat in tlu' exluiust ga.s(!s in 
a direct -coupled single-velocity-.stage turhini! and centri- 
fugal fan. This arrangement avoided at one.e both the 
objections above referred to, and while still in its rexperi- 
mental stages met with no small measure of success. 

The Power Available in the Waste Gases, ll 
may be of interest to consider what amount of energy 
may be expected from this source and to show that, 
when unavoidable los.sc^s have been met, the Iralance will 
suffice to produce the desired effect. Profe.ssor Rateau 
states that the waste gases fnnn an aviation imhor. 
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have an observed temperature after partial cooling of 
1800 deg. Fahr. abs. 

If the temperature of the atmosphere in which the 
motor is at work be of the order of 450 deg. Fahr. abs. 
the volume of the waste gases will be more than four 
times the volume of the air entering (there being an 
addition of some 5 or 6 per cent, of petrol) ; and conse- 
quently the former will be able to perform more than 
four times the amount of work necessary for compression, 
when expansion on the one hand and compression on the 
other take place between the same pressure limits. 

For, let 

— pressure reached by compression 
= pressure of exhaust gases. 

P2 = pressure of the atmosphere 

— pressure after expansion of the waste gases. 
Vi = volume of compressed air reckoned on any 

convenient basis. 

V2 = volume of induction air before compression 
by the fan. 

Then V'g = 4V2 == volume of waste gas after expansion, 
and V'l = 4V1 = volume of waste gas before expan- 
sion, assuming a law of the form 
PV" = a constant to hold and n to have the 
same value in both cases. 

For compression, we have 

( ' " (PjVi - PgV,) 

J p. - I 

and for cxpansioii, 
rVt 

Vdl> “ (Pi X 4V1 - P2 X 4V2) 

j Pa n - I 

-=,.-'xxv. -IW 

If we can produce a combination of fan and turbine 
(and this is not difficult) having an overall efficiency of 
ner cent, it will be apparent that the required power 
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may be obtained without introducing an appreciable back 
pressure upon the piston. 

Actual Design. — ^I'hc actiuil design provided for 
the regulation of the flow of the exhaust gas by means 
of a butterfly valve and made possible the precise regu- 
lation of the degree of compression by causing a greater 
or less volume to pass through the expansion nozzles. 
The rotor, as far as could be gathered, resembled the 
De Laval type and was mounted, together with a simple 
radial-bladed fan, on the same flexible spindle. 

The selection of suitable material for this spindle 
pi-esentcd peculiar difficulties, due to tlie wide range of 
temperature and high rotative speed (about 30,000 revo- 
lutions per minute) to which it was subjected in service. 

An intercooler placed in the fan-motor circuit reduced 
the temperature of the induction air which was warmed 
by compression in the fan. 


REFRIGERATION 

The cycle of the refrigerating machine for a gas and 
for a liquid and its vapour has already been discussed. 
It remains therefore to present one or two characteristic 
industrial applications. The air machine is relatively 
bulky and inefficient and is rarely used. Of the other 
two media in most common use, ammonia is largely 
preferred for land service, while carbon dioxide is often 
used at sea. The former has several advantages over the 
latter from the point of view of efficiency and convenience, 
the pressures for the desired temperature range being 
moderate, but there is greater objection to the escape of 
ammonia into a confined space. Sulphur dioxide finds 
much favour for small domestic plants. 

The Process of Refrigeration. — The simplest form 
of refrigerating apparatus would consist of two parts, a 
tank of the cooling medium and an evaporator or con- 
gcaler, as shown in fig. 6o. With this apparatus the 
refrigerating medium is allowed to escape from the tank 
into the evaporator or congealer as fast as the coils therein 
arc ca]')able of giving up sufficient heat to vaporize the 
licpiid into a. gas. This latter process takes place, of 
course, at tlu^ temperature corresponding to the pressure 
within the coils, h'or exam])le, if the pressure within the 
coils were that of the atmosphere and the medium were 
ammonia, evaporation would take place at a temperature 
of about —27 deg. luihr. If, now, the resulting gas or 
vapour were allowed to escape into the atmosphere 
there would l.)e a total loss of refrigerant and the 
supply would hav(' to be maintained by adding addi- 
tional tanks. This, however, would be impracticable, on 
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account of the cost of the medium. In order to recover 
the gas and reconvert it into liquid, over and over 
again, additional apparatus is required. 
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Fig. Go, — Simple KeXrigcrating Appanitiin. 


Simple Refrigerating Plant. - The simplest form 
of refrigerating apparatu.s embodying this additional 
equipment would consist of three principal parts sliown 
in fig. 61. 

A is an evaporator, or, as it is sometimes (billed, a 


A.SU1QNIA CONDtAliil R 



congcaler, in which the li([iu(l n'frigcraliiur nK'dium is 
vaporized due to the absorption of li(‘at from the 
surrounding brine. 

jB is a combined suction and pressure pump ('alli‘d llie 
compressor, which transfers the gas from the evaixirator 
coils as fast as it is formed. 

C is a liqueficr, or, as it is commonly called, a con- 
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denser, into which the gas is discharged at comparatively 
high pressure. 

Under the action of the cooling water the heat of 
vaporization is abstracted and the gas condenses. For 
example, taking the case of ammonia once more, if the 
pressure within the condenser were 169 *5 pounds per 
square inch abs., the temperature at which condensation 
would take place would be 86 deg. Fahr. 

Referring again to fig. 61, the apparatus is first charged 
with the necessary quantity of cooling medium which is 
stored in the lower part of the condenser C. A small cock 
or expansion valve in the pipe leading to the congealer or 
brine tank A is opened slightly, thus allowing the liquid 
to pass into the evaporator coils. These coils perform the 
same office as a tube or flue in a steam boiler, and may, 
with equal propriety, be named the heating surface. The 
amount of water converted into steam in a boiler depends 
on the number of square feet of heating surface, the 
temperature of the fire, and the resulting pressure which 
the steam exert.s — in other words, upon the total heat of 
the steam. The same is true of the capacity of the heat- 
ing or heat-robbing surface of the coils in the evaporator. 

The heat is transmitted through these coils, being 
taken from the substance surrounding them, which may 
be brine, or merely the air of the room in which the coils 
are placed. This heat causes the refrigerating medium 
to boil and creates a vapour just as water on boiling gives 
off steam. The surrounding substance thus parts with an 
amount of heat equivalent to that transferred to the 
cooling medium, where it is taken up and absorbed in 
])r()portion to the number of pounds of liquid cvai)orated. 
d'he quantity of litpiid evaporated is under the control of 
the expansion valve leading from the condenser. 

As the gas begins to form in the evaporator the com- 
pressor ]3ump 7)' is set in motion at such speed as to carry 
away the gas as fast as it is formed. It is then discharged 
into the condenser under such pressure and temperature 
as will brijig about condensation and restore the gas to its 
liquid state, ready again to ])a,ss through the expansion 
valve. This constitutes the complete cycle, which is 
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continuous so louf^^ us the coinprt'ssor is ke[)t in operation 
and tlie pro])er (piaiitity of water is circulatcxl over the 
condenser, 'I'lie condense*!’ absorbs the h(‘a.t t^ciuivalent 
of the work done in tlu‘. eomi)re.ssor and tin* heat that the 
refrigerant has al)Sorbed in the evaporator. 

VVhalever be tlu* nalurt* of the uu'diimi the prineiplti of 
the action in all plants of this iypt^ is tlu^ same. Tluj 
propertii'S of the parlitnilar agent i‘iui)]()yed, of course, 
and the nuiniier of its use, affed the eriiciency and, conse- 
(piently, the c'conomy of opcTation. As ammonia is the 
inediiuu most commonly (‘in[)loy(‘d at the pn'sent time, 
consideration will 1x5 givt‘n to a chanudta'istic'. plant 
employing the aimnonia compression sysltan. 

Modern Ammonia Refrigeratiii}^ Plant, log, ()2 
shows an ammonia ])lant manufactnred by Mt5ssrs. Frick 
Ih’os., Wayu(5sboro', rc5nnsylvania, IJ.vS.A. 

Ji(iuid ammonia is charged into the system by mc'ans 
of the valve M and charging connection valvt5 N. Aft(5r 
all leaks have ht:en sto])])(‘d and air exlra(5ti‘d from tlu5 
system hy tlH5 compressor funetioiiing as a, |)nm]), wat(‘r 
is started ov(‘r the aimnonia c()ndt‘iis(‘r and throngh 
tlie cooling ja(5k(‘ts of the machine. I'ln* latter is (hen 
started and tlu5 valve on the ammonia. snp])Iy drum 
opened slightly to give about 15 pounds pta* sciuaix* iiK'h 
gauge suction ]x*c‘.ssurt* on the low side. When one drum 
is t'm])ly, anotlu*!’ is suhstitutcal uiilil lh{5 system is 
charg{‘d, that is, until the gaiig (5 glass on llu* li(|uid 
n‘e(‘iver shows tlu* latter to he about Ihi'et* foniHis full. 
WIh'II all is in order, (lu* ai'iion proiuu'ds under (lie control 
of the e.xpansion valves shown iiisidt* (Ik* refrigcaating 
chamb('r. At this [)oint a. dr{)[) in pn'ssnia* from (h(5 
ui)[)t‘r (o the lowia* ])ressiir(‘ limit takes pla('(', and I In* 
licjuid, ])arlly vapoii/ed by tlu* tliroflling ac'lion of llie 
expansion valve, boils to a vapour at the lowi'r tempiaa- 
ture limil inside llu* ammonia expansi{)n ('oil Io('al(‘d in 
the n'frig(‘rator. 

I'he gas then passc's hy way of tlu' siK'lion lim* through 
th (5 .siu'tion stop valve /> and by-pass valve to tli (5 
strainer I and thence to Hk* compn'ssor. Att(‘r c'om- 
pre.ssion tlu* gas ])as.ses Ihroueh the discharge stoo 
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A and by-pass valve C to the oil separator and thence to 
the condenser through the stop valve G. K and J are 
purge and drain valves respectively, mounted on the oil 
separator. 5 and T are oil connections for the crank 
chamber. D, E, and F, by-pass valves, better seen in 
fig. 63. U indicates the oil gauge on the crank chamber, 
and L controls the admission of ammonia to the receiver. 

‘ Frick ’ Ammonia Compressor. — Referring to fig. 
63, ammonia gas which may be wet, dry, or superheated, 
depending upon the conditions of working, enters by way 
of the intake, being sucked in under the action of the 
piston on the up stroke. 

The gas finds its way around the annular space 
between the body of the piston and the walls of the 
cylinder and into the hollow trunk piston. On the down 
stroke the suction valve set in the piston head lifts owing 
to the vacuum produced by the piston in its descent. The 
gas is thus transferred to the upper side of the valve and 
fills the cylinder. In order to minimize the throttling 
effect of the suction valve the latter is balanced by the 
pressure of a spring and its own weight, and tends to 
' float ' in the guides. On the up stroke the ammonia 
is compressed to the pressure of the delivery line and is 
then forced through the discharge valves on its way to 
the condenser. The ' safety head ' shown in the illustra- 
tion should not be confused with the discharge valves 
which arc placed within it. vSince the clearance is 
])ractically nil, the coil spring located on top of the head 
arts as a safety device, permitting the head to lift in the 
event of licpiid annnonia entering tlie cylinder in the 
form of a ‘sing.’ The function of the water jacket, 
through which a constant stream of water circulates, is, 
of course, to remove heat gc'iierated by compression, thus 
keeping the machine cool and assisting the condenser 
in the work of heat extraction. In the figure showing 
])ipc connections, if the line on the left is connected to 
the ]iigh-])ressiire side of the system tlie upper valve 
would jiormally be open and the lower closed, h'or tlie 
right-hand line connected to the low-pressure side the 

rcV('rse Into lUr 
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liigli-pnjssurc side may be pumpc'd out in i\u\ event of 
a leak, and the ammonia in the system thus conserv(Kl 
in the low-pressure side until the nt'ctissary rtipairs can 
be effected. 

Application to the Manufacture of Ice*— In order 
to produce ice from water, the watta* must first bci cooled 
to 32 deg. luihr. and tluai an amount of luuit (‘cjual to 

the latent heat of ice uanudy, 144 Jll'lnU. ^^xtracted. 

The unit of refrigeration in the XIniit‘d States is that 
amount of heat which must ]h\ abstractcsd from 2000 
pounds of water at 32 deg. Eahr. (o produc'c* 2000 pounds 
of ice at the .same tem])t‘rature. I'he unit of ndrigea-aiion 
is accordingly 2000 tinu's 14.]. e([uals 288,000 H.TIlXI., 
this being called i-ton refrigi^ration. spinaiu'd tinui 

in which this amount of refrigea'ation must bis produced is 
24 hours. 

Therefore, if a machiiui is said to have a ridrigeralive 
capacity of 50 tons, it means that the machine can produce 
50 tons in 24 hours. One ton of refrigeration is e.ciuivalenl 
to the abstraction of 200 IhTh.O. pta' minuUa Ice.- 
making capacity is, of course, always li'ss tlian ridrigera,- 
tive capacity, since not only must the waliT bc' cooliul to 
32 cleg. Fahr., l)ut maiiufaclnred ict^ is giaua'ally far Ix'low 
32 deg, because the temperature of llu^ bafli in which it 
is made is often in tlie neighbourhood of 12 d(‘g. luihr. 

Hence we have tlu^ following (‘ipiat ions : 

Latent heat of 2000 i)()unds of ic(' . . . 288,000 Ih'lh.U. 

In America llu'. tianperaturi' of llu' water in tlu' ('iiy 
main at midsummer may very well rise to (jo ih'g. h'ahr. 
Thus we liave 

Sensible heat of water, 20()() tinu‘s (<)<>c’>2) . . . i i(),()oo. 

If the specific heat of i('(‘ bv. taken as 0-5 wi‘ also liavc 
Sensible heat of ice, 2oootiin(‘S 0-5 (;,2-i2) . . 20,000, 

giving a total of 4f)(),.]oo wlnai 10 p('r ciad. is addt'd for 
losses. 


4 ()(),{) 0 () 


equals id), and luaice it is usual pnu'tica' to 


288,000 " ^ • • 1 

call I ton of ice-making capacity i‘(|ual to i-() tons of 
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Essential Features of Ice -Making Plant.— The 

essential features of an ice-making plant are shown in 
fig. 64. 

These consist of a large tank, usually of sheet metal 
and well insulated on the outside, suitable evaporating 
coils and ice cans, together with their supporting frame- 
work. Frick standard freezing tank coils are of inch 
selected ammonia pipe electrically welded into continuous 



lengths of 40 feed. Longt'r coils lu'v. made in two sections 
joined in the centre by standard four-bolt connections, 
'riie only other thread and ga.skct joints arc those where 
these coils are joined to the ammonia feed and return 
headers. The tank is filled with brine above the level 
of the coils and circulation is caused by a brine agitator, 
a small impeller driven by a belt or electric motor. In 
modern plants what is known as the flooded system is 
used, that is, the ammonia coils are kept partially filled 
with liquid ammonia. This ensures a more rapid transfer 
of heat from the outside to the inside of the cooling coils. 





KJO 

liif(h“l)r(‘ssur(^. side may bo pumped out in tlui event of 
a. kjak, and the ammonia in the systt‘m thus conserved 
in ihi) low-pressure side until the lUHU'ssary repairs can 
be effeett'd. 

Application to the Manufacture of Ice,— In order 
to jH-oduce ice from water, the \vi\ivx must first lie cooled 
to 32 deg, Falir. and then an amount of heat ecpial to 
the latent heat of ice -nanuty, 144 Jl'l'lnU.’ “(extracted. 
The unit of refrigeration in the Uniti'd States is that 
amount of heat which must l)c‘ a,l)slra.cle.(l from 2000 
pounds of water at 32 d(‘g. Fahr. to i)rodiuu‘ 2000 pounds 
of ice at the saua^ tcaupcTaiuri^ I'he unit of refrigeration 
is accordingly 2000 times 144. ecpuils 2(S(S,ooo B.Th.U,, 
this Innng ealU‘d i-ton ndrigt'raiioii. 'Uiv. spcHufitHl time 
in which this amount of refrigeration must be produced is 
24 hours. 

Therefore, if a machines is said to have a ndrig(‘rative 
capacity of 50 tons, it nutans that the mae.hiiu* can produce 
50 tons in 24 hours. One ton of ndrigt'rat ion is t‘{piivah'.nl 
to the abstraction of 200 B.Th.U. pm- minute. Ice- 
making capacity is, of course, always l(‘ss than rcdrig(‘ni- 
tive capacity, since not only must the wali'r \){\ cook'd to 
32 deg, luihr., but manufactured ice is gi'nerally far lielow 
32 deg. because the tmiiperaturii of the baili iu which it 
is made is often iu the neighbourhood of 12 (U'g. I'ahr. 

Hence we liavci the following ('(piations : 

Latent heat of 2000 i)ouiids of ic(’ . . . 2<SS,o()o Ib'rh.U. 

In Amc'rica (lu‘, (('mperalun' of llu' wat<‘r in llu' city 
main at midsunmier may very well rise* to ()o d(‘g. h'alii’. 
Tims we have 

Sensible heat of wat('r, 2000 linu's . . . i i(),oo(). 

If the specilk' lu'at of ii'c' hv. inkvw as 0*5 we also hav(‘ 
Sensible heat of icu*, 20ootimcs 0-5 (;,2-i2) . . 20,000, 

giving a total oi 4()(),4oo wlu'ii 10 ])er (‘,ent. is added for 
losses. 

4()(),()()0 ^ j 4 usual i)ra('li('(' to 

288,000 

call I ton of ice-making capacity c‘(pial to i-t) Ions of 
refrigeration. 
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Essential Features of Ice -Making Plant. — The 
essential features of an ice-making plant are shown in 
fig. 64. 

These consist of a large tank, usually of sheet metal 
and well insulated on the outside, suitable evaporating 
coils and ice cans, together with their supporting frame- 
work. Frick standard freezing tank coils are of inch 
selected ammonia pipe electrically welded into continuous 



k'ligllis of 40 fc'cl. Longi'r coils lu'c made in two sections 
joined in the centre l)y standard four-bolt connections. 
The only other thread and gasket joints are those where 
lliesc coils are joined to the ammonia feed and return 
headers. Tlie tank is filled with brine above the level 
of the coils and circulation is caused by a brine agitator, 
a small impeller driven by a belt or electric motor. In 
modern plants what is known as the flooded system is 
used, that is, the ammonia coils arc kept partially filled 
with licpiid ammonia. This ensures a more rapid transfer 
of heat from the outside to the inside of the cooling coils. 
In order to prevent liquid ammonia from passing over to 
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the compressor along with dry gas a trap or acuunnulator 
(shown in the illustraiioii) is ])rovi(UMl. This tra]) is of 
sufficient size and depth, to i)enn,it Hut licpiid to drop to 
the bottom while the gas jxisscts off at the lop. The 
separated liquid automatically returns to the coils and 
there is a constantly repeated circulation of tlu' ammonia. 
In order to prevent any gas from llnding its way out of 
the trap by way of the return litiuid lint', a special 
check valve is placed at the bottom of tlu‘ trap. This 
valve opens only when the head of (he licpiid in the trap 
is sufficient to ])revent this happening. 

When ordinary undistilled watca* is usi‘d for ic(‘ manu- 
facture it is necessary, iji order to make a. clear merchant- 
able product, to keep the water in lively agitation during 
the freezing period. This is done by means of conqm'sscMl 
ah, which, is thoroughly cleaiu'd, cooltul and dried befon' 
it reaches the ice cans. The air is commonly hnl in by a 
central tube, hanging down insidt^ the can. As tlu‘ water 
freezes from the outside, a con* is fmally hdt containing 
the impurities. 

This core may then be sucked out and rt'lillcd with 
fresh water from the storage tank. 

The Production of Very Low Temperature. 
Another aspect of the science of ndrigt'ration of unusual 
interest is the production of V(‘ry low tcmp(‘raiurt‘ - 
temperatures sufficiently low to prodiua* li(|ucfa('ti()n of tlu^ 
so-called permanent ga.S(‘s, siu'h as oxygcai and nilrogtai. 
Such processes find aiiplicatiou in iiKxh'rn iiulusiry lo 
the fixation of atmospluaic nitrogcai usi‘(l in the manu- 
facture of cx])l()sives, ammonia and h'rt ilisers. 

As already indkalcul, in onUa* that a gas may b(‘ 
liquefied, it must he cooled Ix'low tht‘ ('riiic'al t('mpi*raliin'. 
This latter quantity has alu'ady Ix'en (h'fined as that 
temperature above which no imavasc* in pi-(‘ssur(‘ will 
cause liquefaction. In this coniUH'lion refenauu* may 
again be made to fig. 12 (p. ;).|), whic'h shows llu‘ charac- 
teristic form of a series of isotherinals for a. Iluid drawn 
between co-ordinates of pressure and volunua 

In order therefore that a fluid, such as air, may Ik* 
cooled to that point where coiuleusalioii will (‘omimaice 
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for any assigned pressure, we might use a train of re- 
frigerating machines, the refrigerator of the first machine - 
functioning as the condenser of the second, and so on. 
Thus we might employ for this purpose carbon dioxide 
in the first, ethylene in the next, and oxygen in the third. 
However, the two methods in common use are known 
respectively as the Linde and the Claude. 

The first depends upon the Joule-Thomson cooling 
effect for its success, while the latter is a combination of 
the Joule-Thomson cooling effect and the lowering of 
the temperature which results when a gas expands doing 
work. 

The Linde Process. — It may be remembered that, 
according to Joule's law, the internal energy of a perfect 
gas depends only upon the temperature. Since also the 
product of pressure and volume is constant when the 
temperature is constant, it follows that during any action 
involving constant total heat the temperature does not 
change. When, however, actual gases are throttled, by 
passing them from a region of higher to a region of lower 
pressure through a porous plug or other throttling device, 
a temperature difference is observed. This difference 
may be either positive or negative, the actual value 
depending upon the temperature and to some extent upon 
llu' pressure at which throttling takes place. Below the 
point of inversion, as it is termed, the effect is to cool the 
gas whiU‘ on passing through this point no change in 
teanperature would be observed. While the temperature 
of inversion varies, for most gases it is high, and the 
g(‘n(‘ral efh'ct is a cooling. Hydrogen is a notable ex- 
ception to the general rule, the temperature of inversion 
being about - • 112 cU'g. Eahr., and hence the effect of 
throttling hydrogtai at normal temperatures is to warm it. 

Let, now, air, or other gas, be compressed in a high 
ratio to an uj)per pressure Pi, the heat generated in the 
[)n)ccss being removed by cooling water. Then, if the 
compressed air be tlirottlcd back to its original pressure, 
a cooling amounting to about 0*5 deg. Fahr. for every 
15 pounds i)er square inch pressure drop will result. 
If now, instead of allowing this air to escape at the lower 
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temperature and to take in heat from tlu; surrounding 
atmosphere, we enclose the apparatus in a thermally 
insulated clumrhcr in such a manner that the air cook'd by 
throttling is warmed by the inllowing air and is thereby 
restored to its original temperature, we have a means of 
continuously extracting heat from the chamber and its 
contents. 

For, let the total heat of the air (mli'ring under i)ieHSuro 
?! and at temperature Ti be. I,,,,. 'I heii the total heat of 

th(! air leaving at the lowd' 
])ressur(( Ih, but at the 
original teinpc'raluni Tj, 
must be. greatc'r than this, 
the measure of the difference 
Ijeing given by C^, (Ti- ■ '1'^), 
in which is the mean 
si')ecirLC htuit a,i constant 
pressures for Ihc' range 
to T i- 

'I'l is the t(‘mp(M'aliirc 
before a throttling action 
without jirecooling, and '1'^ 
is the temjH'.rature afUn* a 
throttling a('lion without 
pn'cooling, 

luu’tlH‘r, tlu‘ al)ov(‘ stati*- 
whatevc'r b(‘ llu‘ ac'.tual con- 
ditions as to temY)eratur(‘ insider th(‘ ajiparatus, so long as 
the air at exit is n'slored to T i. 

Kefcrring to lig. (>5, which shows in diagraniinatif' 
form the necessary apparatus for ('arrying out this jinxHhss, 
air under high pressure ent('rs at A and (lows Ihiough the 
inner coil to the orifice at O. Ih're it siilTcrs a large 
pi'cssure, but comjiaratively small ti'iupia'alun* drop at 
constant total hea,t. 

Thence it passc's by way of tlu' annular sj)a(H‘ bcdwciai 
the inner and outer coils back to th(‘ atinosplua’c at Ib 
being warmed in the jiroci'ss to th(‘ initial tt'm])t‘ratun' 
As the action proceeds and mon‘ and inon' heal is 
withdrawn with every pound of Iluid whicii passes through 



lUa. ('>5. — Apiianilus lU'ct's.sary 
■for producUon ot low t(un- 
poratiinks. 


ment will always be tru(‘, 
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the coils, the temperature at the orifice will sink lower 
and lower and a temperature gradient will be established 
between the air at entrance and just before the passage 
of the throttle valve on the one hand, and between the 
air immediately after the passage and the exit on the 
other. 

If the insulation of the chamber is such as to prevent 
thermal equilibrium being attained, the temperature 
will drop until condensation commences, when further 
fall win be arrested and liquid air will accumulate in the 
chamber R, whence it may be drawn off at will. The 
heat entering the apparatus is now equal to that leaving, 
and thus we have the following equations : 

Let I,„ be equal, as before, to the total heat per pound 
of the air entering the apparatus, reckoned from any 
convenient datum. Also let 

I,,j. be equal to the total heat of the air on exit and let 
.r be the fraction of each pound liquefied. 

Then I„, == (i — x) 1,^ + a'I,,j 

I;,-,^ being the total heat of the liquid air. 

Now, since I„ — I^^ = a constant, Q, say, 

Q = !«■ - {l - X) I,,, - Xlfg 
= X (I„ — I/,j) 

= (L+ C, (Ti-T„)) 

in which T„ is the temperature at which the liquid air 
boils in the region of low pressure on the discharge side 
of the cxpansi(m valve, L is the latent heat of evaporation 
of the liquid, and C,, is the mean specific heat of the air 
between T„ and T,. 


from which the fraction which may be liquefied ideally 
may be detennined when Q is known. In actual practice, 
of course, heat will leak into the machine, and, further, 
the temperature of the air leaving the outer coil would 
necessarily be lower than that of the entering air. 

dhe fraction x, however, may be increased by 
increasing the pressure drop, and also by lowering the 
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initial temperature Tj. This latter may 1)(^ accomplished 
by arranging that the air circulate in a clostid circuit,, 
additional air being introduced only in order to make up 
the deficiency due to liquefaction. That is, the air on 
leaving instead of being permitted to pass to the atmo- 
sphere is led to the compressing pump, and so r('turned 
to the system. 

Claude’s Method. — In this jmKa'ss an ex])ansion 
cylinder takes the place of the orifice in the Linde 
apparatus. Air under high, ju'essurt' is allowcnl to expand 
after having its temperature lowt^red in a countca’-current 
thermal intcrchanger similar in princi])l(^ to tlu‘ arrange- 
ment already described. 

A part of the high-pressun' air is divc‘rt(‘d hedore 
entering the cylinder and passes into a c.ondcmser, cooled 
by the main mass of the air which has had its tt‘mpt‘.ra,ture 
lowered by expansion. The air in the imua' tuh(‘s of tlie 
condenser, being at a much higher prc‘s.siu'e tliaii t]u‘ cooling 
air, condenses and may then be drawn off from 11 h‘ rtnadv- 
ing chamber placed at the lower end. ICarly attcaiipts to 
reach very low temperature in this way w’vvv unsu('(a‘ssful 
on account of lubrication dilficulties. ('laiuU', however, 
used certain hydrocarbons as liil)ri('ants until tlie ac'tion 
had started, when tlie liquid itself a('t(‘d as the lubricant. 



TOPICS FOR DISCUSSION 


1. In gaseous explosions neither the temperatures nor 
the pressures expected on the assumption of constancy of 
the specific heat arc realised. Give some explanation of 
this. 

2. Tell how the specific heat of a gas may be 
determined experimentally. 

3. Find an expression for the change in entropy per 
unit mass of a gas for which the specific heat at constant 
pressure is known, and the temperature and pressure 
limits are assigned. 

4. Derive an equation relating the indicated mean 
pressure of the Diesel cycle, and the pressures and volumes 
at the corners of the diagram, y the ratio of the specific 
heats being known. 

5. Discuss the circumstances wliich limit the com- 
mercial utility of the gas-turbine. 

6. Show how a temperature-entropy chart may be 
constructed for use with gases of varying characteristics. 
If non-rectangular co-ordinates are employed to represent 
the relation l)etwecn temperature and entropy for a given 
working substance, will this have any effect upon the 
area enclosed by a reversible cycle ? 

7. Sketch the constant pressure cycle of the internal 
combustion turbine with isothermal compression, between 
co-ordinates of temperature and entropy. Indicate the 
areas representing turbine work ideally available, heat 
rejected, and work done by the compressor. Show how 
the casing temperature might be determined for any 
assumed turbine efficiency. 

8. What is meant by regeneration ? Indicate, by 
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reference to the diagram of Question 7, the effect of 
regeneration upon the amount of heat which must be 
supplied from external sources. 

9. Given the adiabatic heat drop, how would the 
' spouting velocity ’ of the gases issuing from a turbine 
nozzle be determined ? 

10. Show that, the work done upon the air-screw 
remaining constant, the velocity of flight of an air-plane 
is inversely proportional to the cube root of the density of 
the atmosphere. 

11. Find an expression for the ratio in which the 
atmospheric pressure falls, in terms of the elevation above 
the earth's surface, on the assumption that the tem- 
perature remains constant and equal to 32 deg. h'ahr. 
Assuming a linear variation of temperature witli eleva- 
tion of I deg. per 333 feet, modify your expression to 
take account of the temperature change. 

12. Trace the cycle of the vapour compression re- 
frigerating machine employing wet compression (the 
working substance being dry at the end of compression) 
between co-ordinates of pressure and vohmu!, and l)etween 
co-ordinates of temperature and entropy. Show on tlie 
temperature-entropy diagram the influence of iinder- 
cooling of the liquid below the temperature of condmisa- 
tion, and explain how the curve exhibiting the movenusit 
of the state point during the throttling action in tlu; 
expansion valve may be plotted. 

13. Describe the Linde ]-)roc.ess u.sed in (he maim- 
facture of liqxiid air, and derive the exim;.ssion 

() 

L -I- (T, - T„) 


WORKED liXAMPLES 

I. The following particulars apply to a two-stage air 
compressor : Stroke, 10 inches ; low jin.'ssure dianuder, 
II ‘5 inches; final air pres.sure, 350 pounds jier square 



<r\,JL JL X vy JUvX'^ \J» ,*,0.^ JU^Jl^JLVXXl \J» 




inch ; intermediate pressure, 72 pounds per square inch ; 
temperature of the air leaving the intercooler, 95 deg. 
Fahr. If the volume of the air drawn into the compressor 
and measured at 15 pounds per square inch and 60 -8 deg. 
Fahr. is 80 per cent, of the low-pressure swept cylinder 
volume, find the horse-power expended in compressing 
air when running at 350 revolutions per minute. Assume 
PVi -3 equals a constant. [B.Sc. (Eng.) Lond.] 


If the induction of the air into the cylinder be con- 
sidered as a throttling process, then the total heat remains 
constant and, in the case of air, the temperature also 
is sensibly constant. During intake, therefore, the gas 
obeys Boyle’s law, and the pressure within the cylinder 
of the compressor is 

o-8o X 15 — 13-0 pounds per square inch. 


Vi, the swept volume of the low-pressure cylinder, is 
equal to 


— - 1 = o-6oio cubic foot. 
4 


Vg, the volume at the end of compression in the first 
stage, is given by 


The work done in the low-pressure stage may now be 
found from 

F, V., - 1>, V, 


E, V, 1 


n — I 






1*2 V, -1\ V, 


1-3 X 144 (_ 


X 0*1516 — 12 X 0* 6010 I 


= 2314 foot-pounds. 


Tlio Ic'tuixTalun* at the* caul of compression iu the 
lirst sta^e iimst, now be* d(*t(*nniiie(l : 


To 


,, I’.v, 

1 J p , r 

1 I \ I 

5JO ‘H 


72 ' o*i5i() 


12 o-fioio 
7tS,S*T' Ihihr. ahs. 

'Flu* te‘mpe*ratiire‘ of tlu* air lt‘aving the* inU'XCOokT 
*lbn b t)5 ^ 555" I'ahr. ahs. 

1 Icnct* Vj,, the* volume* of the* air at the* e‘ommt*nc(*nu*nt 
of ('oiupn*ssiou in tlu* liigluprt'ssure* cylinder, is c'ciual to 

v„ v:i- 


()• i5i() 


555 

75K- I 
o • io()iS e’uhie foot . 
W’ork done in sec'ond stage* 

r 

\</i’ 


N'liw 




I ’A' 

V 


W'oi k doiH* 


IV ‘ 

• i’:, 

1 . 

' :i * M ■ * 1 


A/P 


Ih 


I ( 


(/- ^ I-M) ‘ I (.;5<> ■ I-M 


/Vk, 


a 

1 a 


a n.| foot pounds, 

lleiua* tli<‘ total Work (lone* per r(‘Voliition is 
jpp.j I -'ll.! .(4aS loot pounds. 


:i/ ) 

/ 1 a 


APPLIED TO ENGINEERING 


207 


The horse-power expended in compressing the air is 
therefore 

4428 X 350 
33000 

= 46-97 


2. Calculate the ideal efficiency of an internal com- 
bustion engine having a stroke of 16 inches, a piston 
diameter of 12 inches, and a clearance volume of 485 
cubic inches. Find, also, the gas consumption per LH.P. 
hour if the gas has a calorific value of 468 B.Th.U. per 
cubic foot and the efficiency ratio of the engine is 56 per 
cent. [B.Sc. (Eng.) Lond.] 


The volume swept through by the piston is equal to 

4 


= 1810 cubic inches. 


Swept vol. + clearance vol. == 1810+485 = 2295 cu. in. 
Efficiency = i - =46-3 per cent. 


Actual ciliciency =0-56 X 0-463 =-25-93 per cent. 


Gas consumption 


33000 X 60 
778 X 0-2593 X 4b8 


- -- 20*98 cubic feet per LH.P. hour. 


3. Calculate the stroke and diameter of a gas-engine 
which is to develop 15 horse-power at 300 revolutions per 
minute. 

Assume a compression ratio of 4*5, adiabatic com- 
pression, a pressure at the end of explosion of 350 
pounds per square inch, and an expansion index of 1*3. 
The stroke is to be i *5 times the diameter. [B.Sc. (Eng.) 
Lond.] 
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X j \ 0 ‘4 j • 62 ^^ I 

Hence efficiency = i — ( ) x — — — 

Vi 3 - 5 / 1*4 X 0-625 

= I (0*3530 X I -112) 

= 60-75 per cent. 


5. Calculate tlie bore and stroke of a Diesel engine 
which will develop 25 indicated horse-power at 300 
revs, per min, and have compression ratio 14 and cut-off 
at 4*5 per cent, of the stroke. Take the stroke as 1-25 
times the diameter, and assume for the compression and 
expansion curves indices of 1-4 and 1-3 respectively, 
and a pixssurc at the beginning of compression of 13-5 
pounds per square inch. [B.Sc. (Eng.) Loud.] 


Using the notation already employed in the text, 

ri(v,-v,)+l 


P^V.-P^V,, PiVi-P,V„ 


p 


n ~ X 


Y-i 


V. - V, 


Now 


V„ 


: r and = I'l 


Vi Vi 

Pi --= P/ and P, = = P/ 


V,) I- 


P4PV, ri V,r 


It — I 


— I 


l>„/-vV,(;i I) 


I> v 
i 4 ' I 


\'. r -- Vi 

-'0"] 


11 I 


i) |. 


V, (r- I) 


rJ ^jy - r 

n — I Y ~ ^ 1 


r — I 



u 


i i A r* i\ iU wi / I iv 


/i,„ in •()5 jxauuls piT sqttan' iurlh 

If this 1 h' takcii as u four r 4 n»ki* sin|i;l(‘su‘ling 

I ht‘st‘h \vu liuvt* 

. (.| 11. 1>. ^ ia|‘ 

j - I * 25 i N ; t: 
lo'^H inches. 

/ la -1^5 inches, 

t). Ivxplain in what n^sjus’l tin* cycle* of o[H‘rations in 
a vapour compn^ssion rcfrigtTaling plant tlifhTS from the 
rt‘Vt‘rsc(l t'aniot cyclic 

Tluj tenpHTatun* ranpc in an anunonia, plant is from 
()H {li‘g. Ihihr. to 1. 1- tlcf<. hahr. Mml tlu' ('oi’flicii'nt of 
p(*rfonnan(‘(‘ for tlu* i'.orrcspomlini:; rcvcrsisl ('arnot (ych' 
and also for tlu* ammonia ])lant if after compnession the 
ammonia gas is 00)5 ilry. 

Wliul im])roVi‘nient in tlu* ('oerfH'ient of p(‘rformanc.(‘. 
wotild hi* obtaiiUHl if tlu* ])lanl wt'O* so managed that the 
ti*mpi‘ratun^ of the gas afti‘r <*om])ression W(‘r(‘ i)5 deg. 
h'ahr., tlu* ])ressuri! range* r(*maining as before ? 

'riu* values of tlu* (‘ulropy for Ihe Ii(|uid and dry 
va])our at ()«S deg. luihr. are* 0'*sp).| and i-iM/O, and al 
i-l deg. I'ahr. ilu'V art* o*p>)oo and i\;oSi res|)('('t iv(*ly, 
and tlu* s]U‘ci(i(* heat of (he va]H)ur is 04)70. |r>.S(\ 

(hhig.) bond. I 

As indicated in tlu* t(*.xt, tlu* adiabatic expansion of 
the rt‘Verstul (‘arnot t'yt'le is r(*phu'(*d in tlu* actual rt*- 
frigt'ralion cycle by an i*xpansion at constant total heat, 
Tlii.s action laki*s ])lac(* in tlu* valvt's wlbudi ('oiitrol tlu* 
flow of ammonia, li(|uor to tlu* i'ooling coils. 

Fig. 20 (]). 43) shows tliai the* intlueiici* of this c.hangi* 
is it) reduce tlu* rt'frigerativt* elT(*('t for tlu* sanu* ex- 
penditure (4 work. Thus tlu* c'ot'tru'.it'nt of pi*rformanc.e 
is less. 
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cycle 


Coefficient of performance for the reversed Carnot 

Ta 474 

-Ta 


8-778. 


T-i ~ f2 54 
Referring to fig. 20, the coefficient of performance 

for the actual cycle 


. area (iii) (iv) (vi) (vii) _ 


area (i) (ii) (iii) (v) Ip,, - I(uij 

very approximately. 

If the curve (i) (v) may be regarded as a straight line 

PV • 

(which is very approximately true), and the — term 


be neglected, 

I(il) — I(v) ^ 




T(n + T, 


(V) 


J 


+ (^(ii) ~ "^(o) "^1 


0 ) 


, , 528 + 474 

— (0 ■ 2494 — 0 • 1300) 

2 

-1-0-95 (1-2170 - 0-2494) 528 
= 0-1194 X 501 4-0-95 X 0-9676 X 528 
= 59-82 4-485-3 
= 545-12 B.Th.U. 

I(iii) I(v) == (^(iii) ~ ^(v)) T(v) = ('ji(ll) — T(y) 

= (0-95 X 0-9676 -(-0-1194)474 
== 492-3 B.Th.U. 




T(iii) 


= 545-12 -492-3 

= 52-82 B.Th.U. 


PV„ 


(Note that if the quantity -j'''’werc taken account 

of, T(,) would not be the same for both.) 

Since the total heat at (i) equals the total heat at (iv) 


= 4<)2-3 - 59-82 
=-= 432-48 B.Th.U 

432*48 

('ocniciciil of porformance ^ == 8- 19. 

52-82 — 

Required next to determine what improvement in 
the coeflicient takes place when the temperature at the 
end of compression is 95 deg. Fahr. 



('(H'riu'it'iil (if p(irf(inniiiu;(‘ 


I,n„. 1 , 


*(iii' ■ 


•i,v, 'Ah)'*'"’ 


Mli) Mill} 

^''’-1 ('A. II </',h)T 


(i) 


I i<U -Aui) 


^HD' I I{ij) 


5(}*(S:^ I 5.»8 1 log, ^ 

l|iU ^ 

actet 

57 ()-.i^ I o-fi; •; ^-.pij •: luK,,, y X SI' ’5 

. 570 -ja f IiStj 
I . 5K8-/I5 B.Th.U. 

Anil' ^iv) (*i^tui)' 'Avi) A' I ('Aiii' '/’ivi) A'l 
(o-:i<)4 1 u-<j(i7f) 1 ()•(l.l.;5) .17-1 
I -1205 .i 7 .| 

5.ii-i n.Tli.U. 

All/ ■ Ami' 5.1' •' 57-.’.5 >'>-Th.U. 

Aim' ■ ■ * (I' l ' Anil' All 

1 471 -28 n.Tli.U. 

Cdcflidont (if iicrfcinnancc iH-.’.: 

57-.!.') 

TluAse cakuiliitions may l)i^ ('hcdvc'd by rcb^n'iicc (o 
the MolliVr charl of prussiirc and (olal liual. 


ICXAMlMdCS Id)K IM^.-Vb'lKdC 

t. The compHASsion ratio in both (‘ylindors of a two- 
stage air comj)rt‘Ssor is to bt‘ tlu^ sain(\ and tlu' air is 
cooled at constant pnAssur(‘ in tin* intta'cooli'r to 77 d('g. 
F ahr. 

If air is drawn iirto tlie coinpn'ssor at i,\ pounds ])vi' 
square inch and 50 deg. Fahr. and is to b(^ d('liv('red at 
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500 pounds per square inch, find the ratio of compression 
in the cylinders and the work done in compressing a 
pound of air. 

Assume for compression curves that PV^*^^ equals a 
constant. [B.Sc. (Eng.) Lond.] 

2. A single-acting two-stage compressor compressing 
air for a Diesel engine has piston diameters 4 inches and 
1 1 inches and a stroke in each cylinder of 3 inches. Air 
is drawn into the low-pressure cylinder at atmospheric 
conditions of 14-7 pounds per square inch and 59 deg. 
Fahr., and is cooled in the intercooler to 59 deg. Fahr. 
From the high-pressure cylinder it is delivered into a 
storage bottle having a pressure of 600 pounds per square 
inch. Neglecting clearance volumes, determine the pres- 
sure in the intercooler when the compressor is running 
steadily and the intercooler pressure is steady, and find 
the horse-power used in compressing the air at 350 revs, 
per min. [B.Sc. (Eng.) Lond.] 

3. Calculate the diameter and stroke of a gas-engine 
which can develop 25 brake horse-power at 300 revs, per 
min., assuming a mechanical efficiency of 80 per cent., 
a mean effective pressure of 85 pounds per square inch, 
and a ratio of stroke to diameter of i -5. 

If the clearance volume is one-quarter of the swept 
cylinder volume and the actual thermal efficiency (I.H.P. 
l)asis) is 55 per cent, of the ideal efficiency, what will be 
the C(>nsunq)lion per brake horse-power hour of gas 
having a calorific value of 495 B.Th.U. per cubic foot ? 
[IhSc. (Ifng.) Lond.] 

Tlu‘ cylinders of a petrol motor have stroke and 
bore 120 and (jO nun. r(‘spcctively and a compression ratio 
of 4-4. The inlet valve is shut at 0*05 stroke and the 
pressure and temperature of the charge is then 13*5 
pounds per scpiare inch and 203 deg. Fahr. The exhaust 
valve opens at 0-85 stroke, and the pressure at this point 
is indicated as 51 ])ounds per square inch. Assuming a 
mok'cular contraction of 2 per cent., find the temperature 
of the cylinder contents at the opening of the exhaust valve, 
and estimate the heat discharged in the exhaust per 
minute if the motor has four cylinders and is running at 
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1000 revs. i)or min. 'I'akc tlu! nu-aii speoifu'. heal of the 
c.'chanst gases tis o -2.1. [IkSc. (lOng.) Loiul] 

5. A gas cuiginc US(!S producer gas which has a 
volumetric pcroeulage analysis of C’O, n-o ; lljj, 2(j'0 ; 
CH4, 1-8 ; COg, i()-r ; N^, 4'3-r. (ialculale Iho volume 
of air niquired to compkdely burn a cubic foot of this gas. 

H the air sui)plied to the engine In* 50 jaa- luad:. in 
excess of this <piantity, what is llu! calorilic vahu' of a 
cubic foot of cylinder mixture ? Calorilic values of C.O, 
Ilj, and Cll^ are .pfa, and pbj H.Th.U. per c.uliic 
foot re.spe, ('.lively. What is the gas camsumption per 
hor.se.-power hour if the engine tilhcieuc.y is 2.5 '((jht e.(mt. ? 
[ 11 . Sc. (ICng.) Load.] 

6. The following results were* obtained during a test 
of a gas-engine loaded by a friction brake' : 

Cylinder diameter, 8 ins.; stroke, 17 ins.; dead 
weight, 165 pounds ; spring I)ala.nce reading, 24 -8 pounds ; 
brake wheel diameter. 5 feet ; revs. ])er min., 215 ; ex- 
plosions pcif min., ()8 ; nman effective pressure of indicator 
card, 82 pounds per sepian' inc.h ; gas per min,, y-Ut 
cubic feed at 2()'() inclu's of mercury and ^H-t) deg. l-'ahr. ; 
cooling water per min., :]y-y ixmnds raised .\y-() deg 
Kalir. ; calorific value of gas, .(()5 Il.Tli.U. per culiic. fool, 
measured at normal tenquu-atuix! and pressure'. 

Calculate! the indiexde'el and lirake heirse' jeowe'rs eef llu' 
engine, anel fmd the nie'e'.hanical anel Ihe'inial e'ltie'.ie'iie'ies. 

Draw up a heat balane'.e' slu'eil feir tlie e'ligiiu! ])e'r 
minute. [B.Sc. (ICng.) Ia)nd.l 

7. The Iwe) seiries e)( trials freim wliie!li llie' following 
observations weere taken wetree made' een I tie' same' gas 
engine and under e.xac.lly llu' same' e'eaielilieins, e'xce'])l tlial 
in series A the! engine! was e-.emt reelh'd by a liil and ini.ss 
governe)!' anel in .serlc's H the! c.onli’ol was a, threitlle! 
coiitred effectesl by re'gulatiem of the' gas e!eie!k. 

Ple)t e)n a brake heirse'-powe!!' l>:ise' e-.urves sinewing gas 
consumpLieiu pcir minute! and alsee gas e'einsnni])lie)n pe'C 
brake he)rse-pe)wer hour for tlu'se! two se'rie's eif (rials. 

Comment on these curve's, anel e'spe'e'.ially give' reaseens 
for the differences in efri(!ie'ncy oc.casieene'el l)y tlie' twej 
methods of control. 



rxx XKJ JC/IN UrXXN JC/J2.JL\.iiN vjr 

Series A 

Brake horse-power . 6-20 5-33 4-07 2-79 1-43 0 

Gas per min., cu. ft.. 3-94 3-65 3-17 2-71 2-28 i-go 

Series B 

Brake horse-power . 6-13 5-17 4-01 2-69 1-28 0 

Gas per min., cn. ft. . 3-90 3-58 3-25 3-00 2-74 2-51 

[B.Sc. (Eng.) Bond.] 

8. The pressures on the compression curve of a Diesel 
engine diagram are found to be at ^ stroke 23-4, and at 
I stroke 161 pounds per square inch. Estimate the 
compression ratio of this engine. Calculate the ideal 
efficiency of this engine if cut-off takes place at -jb 
stroke. [B.Sc. (Eng.) Bond.] 

9. In a trial on a four-stroke single-acting Diesel 
engine having a piston diameter 24-5 inches and stroke 
39 inches, the following observations were made : speed, 
125 revs, per min. ; mean effective pressure, 92 pounds 
per square inch, shaft torque, 8670 pounds-feet ; horse- 
power used to compress blast air, 15 ; fuel used per 
minute, 1-45 pound of oil having a calorific value of 
19,350 B.Th.U. per pound and containing 85 per cent, 
of carbon and 12 per cent, of hydrogen by weight ; cooling 
water, 148 pounds per minute, raised 68 deg. Fahr. 
The weight of exhaust gas was 29-1 pounds per pound of 
fuel burnt. The exhaust gas left the engine at a tempera- 
ture of t)0.! deg. Fahr. and its specific heat may be taken 
as ()-25. 

Make out a heat balance-sheet for the engine, showing 
heat (inantities in B.Th.U. per minute. [B.Sc. (Eng.) 
Bond.] 

10. In a Bell-Coleman refrigerating plant air is drawn 
into tlic cylinder of the compressor at atmospheric 
pressure of 13 pounds per square inch and temperature 
of 2.-5 deg. h'ahr., and it is compressed adiabatically to 75 
Iioiiiuls iier square inch, at which pressure it is cooled to 
59 deg. h'ahr. It is then expanded in an expansion 
cylinder to atmospheric prc.ssiirc and discharged into the 
refrigerating chamber. 



If lliu law for (ixpausion i.s PV''“ a coiistaivl, liiul 
the work done on the air i)c'.r pound and llu' ('oiiHioiont of 
pcrfonnanco of tlu^ rcfrigia-aling idant. The spucilic luuit 
of air at constant pressure is o-a.'.H. | ll.Se.. I,ond,'| 

11. Delcaininc the theoretical c.oeriicienl of perform- 
ance of a CO,, refrigerating plant working over a pri'ssure 
range of Hah to ,550 pounds per s<]uar<‘ incli if (lie tomiiera- 
turo of the gas aftd' conipre.ssion is ()5 <h'g. h'ahr., given 
that at Hat) pounds ])er s(piare inch pressure the entropy 
of the licpiid is 0-045, the temjierature of evaporation 
68 deg. h'ahr., and the latdit iieat ()()-. |, ll.Th.U. : and that 
at 350 iHumds ])er .s(]uare iindi pressure these values are, 
respec'tively, - ■ -025, 7-9 deg. h'ahr., iiiul ii.| -i Il.Th.U. 
The .s])ecific heat of COa gas iso'5(). |lhS(% (ICug.) l-oud.| 

12. Kxplaiu why tlie theoretical coeriieient of [ler- 
formance of an ammonia. vai>our com])re.ssion refrigeration 
plant is greater than that of a carhon-dio.vide ])lant 
working over the same range t)f tianperature. 

Compare the tluioretical coeiricients of perfonnanc(‘ 
of such plants working over a range of ()8 deg. ludir. to 
— 4 deg. h'ahr. and arranged so that the vapour is ju.sl 
dry and saturated at the end of conipre.ssion. 

Anunonia. Carbon I )io\i(le. 

P K T /’ Pn, 

68'-' h'ahr. 124-,! o-2..|.()4 o-ptiyt) 82(1 o-o.|5 0-171 

—4" ,, . 27-() o-o88o 1-2553, 0-0360-22(1 

Vol. of I ]>ound of liipiid ammonia, 0-025(1 cuhic 
feet; vol. of 1 pound of Ii<[nid carhoii dio.'dde, 0-017(1. 
[IhSc, (hug.) I.ond.] 

(In estimating total lieat (piantities for the pnr|ioses 
of this problem it is intended that the I’V,„,/j term lu- 
taken into account. 1 leal interchanges may he esi imated 
from the temperatnre-entroiiy diagram on the assinniilion 
that the liquid line is straight.) 

13. In an ammonia refrigeration ]ilant in wliich tin- 
compres.sor was driven directly by a steam engine, the 
following observations were ma.de: Horse power of 
steam cylinder, i5'5 J horse-powerof conqiressor cylinder, 
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13*7 ; heat abstracted from the brine per hour, 172,000 
llTh.U. ; tempei*ature of the brine, 14 deg. Fahr. ; 
temperature of cooling water, 68 deg. Fahr. ; steam 
supply to cylinder, 20*7 pounds per LH.P. hour; heat 
per pound of steam from feed temperature, 1089 B.Th.U. 

Calculate : 

(1) The theoretical coeflicieiit of performance for the 
ammonia cycle, wet compression (that is, the working 
substance is just dry and saturated at the end of the 
adiabatic compression) over the range 68 deg. Fahr. to 
14 deg. Fahr. ; 

(2) I'he actual coefficient of performance of the plant ; 

(3) The ratio of the heat abstracted by the plant to 
the heat supplied to the plant. 

The specific heat of liquid ammonia for this range 
may be taken as i*ii, and the latent heats at 68 deg. 
Fahr. and 14 deg. Fahr. are 510-5 and 557*9 B.Th.U. 
respectively. [B.Sc. (Eng.) Lend.] 




TABLE OF THE 

THERMODYNAMIC PROPERTIES 
OF SATURATED STEAM 




THERMODYNAMICS 


221 


isH 

S.f'|(£ 

J>o 


rt’ja st^ 

<u > tJ o 

W 35 i> 
W s 


3:1 D. 




d ;3 &I 
H ^ wj 


t- X 3 

rtj -• 't 

^ O. e 
O l(i 'd (Li 
'f:pH o d 

‘^'1/3 



0 'O H 

rt- invD 

rO'O cn 
000 
000 
000 

ON in 0 
in in in 
moo 

W H H 

000 

000 

CO H ON 
' 4 - CO H 

H -Nd* «>. 

CM CM CM 

000 

000 

0 VO m 

0 1 '^'^ 

CO mco 
000 
000 

tv -^vo 

0 VO H 

M COVO 

H W W 

000 

tv in H 
vO M VO 

CO H CO 

H el CM 
000 

VD ON 0 

0 ^ CON 

VO 00 0 
el el CO 

000 


0 0 0 

000 

000 

000 

000 

boo 

000 


0 0 0 

000 

0 0 ON 

0 m m 

CO (ON 

in coco 

vO two 
m CM CO 

CO 0 vo 

CO H CO 

i ^ 

K' 

in w 

fO W M* 

cn in 0 

W H H 

Cl w 

On 

r^vo m 

M t-> 

VO M VO 

Tt- Tj- rn 

CO coco 

CO H 

CO H H 

0 CO M 
(ON tvvo 

CO tv ei 
in 'd' 'vd' 

(X) in (S 

CO CO CO 

• 1 - 

00 JN in 

l--. H l-N 

H H 0 

0 IS -i- 
m coco 

m fO H 

000 

CO N CO 

m ■i- 

0 ONOO 

0 ON On 

vf- 0 00 
in CO -'f- 
t'. w CO 

ON ONCO 

>< 1 - el in 

H cooo 
vo xt el 
(X) 00 00 

M cooo 
vo in m 

H 0 (ON 

CO CO tv 

tH f-. tv 

rt (On el 

00 IV iv 
tv IN Cv 


w ei ei 

el e? M 

CM M H 

H H H 

H H H 

H M H 

H H M 

-JjH 

0 in 

MD 0 m 

VO H 

H 0 0 

0 co m 
CO M m 

j s. rt H 
(ON ON ( 3 N 

VO l >-00 

CO -i- t-'- 

ON r-> in 
00 CO 00 

H 0 

ei cn '+ 
▼t-oo 

CO C'-VO 

VO Tt- Tj- 
H 00 H 

'i- 0 00 

VO VO m 

CM 0 M 

CO CO 0 
m CO ei 
in m m 

el m 0 

rt (ONvO 

0 00 Cv 

10 'Ct" 


1 Ot W IN 

H H W 

H H H 

H H H 

H H H 

H H H 

H H H 

•M 

•OT 

W ro 0 

VO N n- 

0 ^0 
000 

0 VO ON 

0 (M M 

CO (ON 0 

0 0 H 

tN. in m 

H On vO 

H H el 

H M M 

e>. ONCO 
el "d- 0 

CO i '- 0 

M H ei 

CO OD tH 

ON -i- tv 
iH CO in 

el ei ei 

(ON COvO 
tv tv in 
10 vO tv 
el ei ei 

el M tv 
CO 0 vo 
CO (ON On 
CM CM ei 


000 

600 

000 

boo 

000 

bob 

0 b b 

J 

Tf lOMD 

m cn ON 

Tt -0 rt 

t>. COCO 

(0 0 CO 

Tt 0 vo 

H mco 

^VO 
in in in 

CO ON ON 

m m m 

0 H W 

VO VO VO 

H m 
VO vO vO 

tv (30 CO 
VO VO VO 

(ON 0 0 

vo tv Cv 

M H M 
t^ CV Cv 


m CM t>* 

Thvo coi 

i>co el 

(ON tv. rf“ 

VO Tj-O 

Tt- N ^ 

(ONCO CO 


^ I'N, irj t'.. 

H 0 cn 

0 0 Ch 

W H 

rl !>. rn 
(ON CO CO 
(O' On ON 

0 m 

00 I'- t'- 
(ON C 7 » ON 

CM VO vO 
tv in 'T 
CON ON (ON 

CO el tv 

cn ro ei 

(ON (ON (On 

el CO Tt- 

CM M M 

(ON (On (On 

0 tv - 1 - 
HI 0 0 
ON (ON (ON 

-> 1 
1 

t'.OO ON 

0 VO H 

cO el (On 

^ 0 VO 

in m tv 

m 0 M 

H (ON in 

■? 

•d- r-t t-'. 
t'.ro CO 

000 

H M H 

w ■?!“ t>- 
ON ON On 

000 

M M M 

ON M C| 

(On 0 0 

0 M M 

H H IH 

in M 
One! 

W H M 

H H H 

VO 0 cn 
ei cn cn 

H M H 

M M H 

vo (On M 

CO CO n- 

M H M 

HI H H 

CO -tvO 
t}- nj- Tj- 
H HI HI 

HI M H 


l-C' rn 

0 0 00 

HH C-'O 

0 0 cn 

1-- cnco 

CO e| 0 

0 ei 0 

hJ 

M M m 

1-0 in 

000 

0 1 -^ cn 
in "-r n- 

000 

w CO 0 
-t rn <-n 

000 

•i- M el 
rO f"! HI 

000 

M M H 

m 0 in 

0 0 CtN 
0 0 (ON 

HI 00 in 
ONCO CO 
(On (On On 

N (ON’O 
(jO l- t 

ON ON On 

•S' 

m 1*0 I - 

0 'O 

in i-( d* 
O' i - cn 

co m w 

M -f rn 

CZ 3 0 

ON M On 

fvCO M 

H t - On 


fO IH f-t 

C'l ro 

0 1 CO 
■i- ' 1 - m 

cyj r| 0 
ino 0 

'On ^ (On 

0 On 0 

0 0 Iv 
ei m cn 

HI H M 

-too 
- 1 - 'o m 

M HI W 

M m On 

0 0 ’O 


m »n ON 

0 n- 

M CO 

O'O cn 

f /3 0 cn 
M n* cn 

cn m el 

CO M in 

M (X) 0 

0 (M 0 

m o i-- 

CO CO e| 

Cl 'OO 
Cl 1 '- ON 


in m d- 
cn 'no 

Cl (ON 'n 
c- I'-co 

0 t-co 

(ON ON On 

M vO H 

0 C'l 

M M M 

m f't 0 
in 0 iv 

vO CO 
t-co ‘O 

H HI M 

m 1'- HI 

ON ON 0 
H HI ei 


w rl rO 

'rf ino 

{-TjO on 





-a 

000 

000 

boo 

M Cl CO 

Ti- in 0 

t-CO (On 

0 HI ei 


Courtesy of the Publishers, Longmans, Green & Co., Ltd. t Interpolated. 





i ur.KiViuw Y iN^aiviu D 


! 

w 

H 


i. i 

w 




i? 

tr. 


o 


ui 

D. 

pi 

fli 

c*< 


j 

t 


i 



!li 

•i' 


. . {’• 
tfj t‘* 


H *t 

M 


>' t".. 

t 



i. ,*4 
ti ’J' 
UJ-ii 


..J'; H. 

-t) t<3 ■!■ 





t:] 


f ‘ T, 


li »• 

:h i 


*;’ i‘i 


-‘j 

{*• 



i’i 



> 

D f7. r>| 

W'j t . 
ff) r^i f(% 

o c- o 

C' C 
r 't- 

(/' l?t- M 
cr) *1' -> 

O 0 

(/) M rO 
f'l •t* tr, 

1 ■.•/< i“*i 
? ? 

to to in 
(O » -..'.ri 
u M n 

•pf PO ri 
Ot 0 M 
fo tfi rt 

W W M 

M Q. t 
r} n rn 
f Ot 
M M 4H 

^ H 

IT 'O to 

0 t-t p| 

r{ M ri 


O 0 o 

c c 6 

C 0 >J 

O 0 0 

0 0 c 

0 0 0 

0 O Q 

>■ 

'•J ■:?> 
C .J t . 

> .'rt c< 

noj.^ 

’’t' ?• '7' 

1 -/J -t* 

O' M n 
rn tr, t - 

1 - tr, n 

PH '7 PI 

44 1 

• n *f’ 4-H 

'7t »0 rt 
tA) '-O Hf 


'l 'fl 

rO r| -3 

f| M M 

tn M c> 

W M 

O' f) 1 - 

1 ' :■ c< 

»n in tn 

“T" "f rf* 

rA h 
i 

t*” 'P 

'» ► ‘f'i 

t . ( « ( . 

(•» *r, 
trj 

t ., i . 1 , 

1-4 i/' 4 , 

'T. J * 

'7‘'C' 1“ 

1/'. 4 4 in 

7 fi n 

'X 

P| 'At ( - 

fO'D C 
Ht’ cn rn 
O 'O 7 

r) n M 
•n C' (o 

r| P) M 

•O' '7 -o 

»0 w 0 

0 'O n 
M O 0 

01 '0 '0 

’Q 

»-l M I.J 

M M N't 

W w M 

M M M 

4-4 4.. W 

M H 

H W H 


>?. f*- 1 , 
ff, <►> -f 

*r «»■ 

-“f ■"f *1* 

'c' tn n* 

•t" ’7-'^ 

-«f rr, fo 

t.4 ri t.4 

4,4 •.f. 

rr, n ,fi 
rr, rn r. 

*t’f, .7 
“t- 0 ■'* 

'7 fO 

'"t ri r| 

O* tr, "i 

4-4 n i/> 

P| PI 4M 

'// »n M 

« 4 7 O' 

1,0 in 

4H H M 

4-4 t U 

'0 '0 (.s 

'7* rn (M 

M H M 


M M 

W M W 

M M M 

*»» M W 

PH M 4H 

M 4-4 M 

M M H 


tr, ..4 ./^ 
n /i M 

r>, f>, crj 

fri tr, 

rr, If, rr, 

».i tft it, 

rr, cr, 

7 f, ’• 

f4«, 

1 4 rn ."•, 

PI ►•i 

.J- .f. 

PJ ^1 

1 . li" 4 4 
n fF, 44)- 

'f -J* 

■*1’ in n 

( . rr, n. 

"pr in »n 

*7 »r 

■7- M' rn 

'•h CTt "t* 

to 'O ( •• 

-J- -If. .r). 


w 0 0 

7' 7 0 

O C- 0 

O 0 1 t 

0 0 o 

0 o ti 

0 O 0 

1 ., 

f't 'C' '7- 

•7‘ <n f/-j 

C| n,.;- 

M '7 .■!. 

1 /■( 4.4 

tr, 1 . ri 

n in 1 s 

h4' 

n M ft 

«r' trj 

o’*' O*' 1 . 

l/i t t^ 

Ot I’l 

ri .‘1 .*4 

M M u 

1 




(-11. 

1 1 . /■) 

•/I ■/, n 

rn lA, (■/) 


0 r- 

'/( ./' f) 


-n , rl 

■7 -r pr, 

tr, n PO 

O 1 -o 

1 

i 

n 1- t’^. 

’A 

■7' tr. r 

'■r /i 1 , 

'/ /; /J 

'0 
.At 'A* 

7 ir, , 

»/, «f> 4^ 

l/l ■/, /, 

tr, 4H 1 
pr, rn p| 

'/) -n ‘/J 

r’o 0. fi 

P» W 4-4 

>n f/3 '/) 

PO O-Oi 
t-4 o O 
m fAj f/3 

mJ 

0 "I' '•r 

1 - <*1 *}* 

7 i/i *f' 

o r -f 

.'• IP, Pi 

■/. rn 

*t- *7 rn 

)1 

f.' '?■ ' 

M' '•t- ir, 

‘A ir, 

M M »•« 

fr,.7, .Vt 

C' o"> 'D 

M 1.4 

iH tr, 

t . 1 . 1 . 

4-4 4 4 4-4 

M 4H H4 

1 . /) ','• 

1 . 1 . 1 , 

4.-4 PI rn 
(iPi 1 /, (/) 

4-4 4-4 4-4 

M 4-4 4-4 

-1- tn o 

ifj irj i/2 

4-4 4-4 4H 


n '' -f 

1 . 

... - -o 

P| tP, , 

•, , PI 

1 44", (H 

o. 0 

► J 

n- .4 . 

It). 

(•', r, r| 

't' tr, 

>7- 0. .^t 

tt ,'/■) fr, 

•t” fO 

0‘ O' <7 

l/l fP, ■', 
r 1 PI > , 

- O 

4'l .-‘l t - 
r, , , iT, 

■ 1. 7,1/1 

i-r, r, .n 

i.T. 7. '/J 
'Ai ‘/J i/J 


■/• tr, :, 

M -t" 

I/I - .4 

•( ► . ", 

1 4 t 

, .-n 

»n tr, rn 

I 

i 

fr, 1 , ,-, 

t < ( f.\ 

./! '**, o' 

►-t n r| 

I /I 1 7 

k-4 r| ir. 

i-l n fj 

t\ f) r| 

(■( ir, r| 

r ( • 

Pl Pl PI 

1 p 1 7 

1 . /I 1/. 

pi p| pi 

r, -f'/i 

p| p'l PI 


1 . ir, *1 








‘/t ir, 

■"' Cl i»i 

(•r, rr, fO 

tr, .-1 , . 

1 - ■ 

7 IP, 

rn 7 >-/) 


'f'> f\ 

n ri rj 

ff, /i 'i 

iM r-i .J. 

<“1 <*1 r» 

(7 7 t . 

ir, to ,-. 

rj (*1 rt 

-f 4-4 t 

1-/1 t\ 

PI PI O 

n ."I 

.T, n. 

p| p| . 

1 • p| 

iP, rP, rp-, 

r^ 1 , 

p| p| P| 

rn rn rO 

1 <». 

! 

f . 

rr, .f. l\. 

irj o in 
rj 

r, in r. 

rr, rr, 

•P, ■ tP. 

't . tr. 

. ip-| 

' r 1 

i.“i ■" ir, 

I . /i i/, 

(7 in n 

O' '7' 0 



APPLIED TO ENGINEERING 


223 


1.^ 

Ln 

>n 

fO H 

CO On a» 

\0 I-nOO 

el 

N P-1 ro 

0 0 H 

0 iH ei 
ro ro m 

0 >n ON 

el el ei 
ro --P VO 
ro ro ro 

rOOO ro 
ro ro 't 

VO WOO 

ro ro CO 

CO ei w 
rp 10 VO 

On 0 H 

ro 't* 'Vp 

VO W W 
ei rO rp 
p xp rp 

W(X) CO 

10 VO w 
p p p 

On ON 0 

CO ON M 

P p in 

H CO in 

P CJN P 
in lovo 

0 

000 

bob 

000 

b b b 

bob 

0 b 0 

00b 

0 b 0 

0 b 0 

0 

00 

CO 

0 ro ei 

ei CO 'o 

t-H. irj -r^ 

H ON el 
ro H H 
ro Cl H 

ei 0 

H el ro 

0 ONCO 

ro 10 M 

10 i '- 0 
WvD VO 

COCO VO 

rovo 0 

V O 'f 

VO 0 w 
p ON ro 
m el ei 

Woo H 

CO CO (ON 
MHO 

vo P P 
POM 

0 0 ON 

0 vo H 
inoo vo 

CO vo 10 

ro 

ro ro CO 

ro CO ro 

ro el ei 

el ei ei 

ei el M 

el el ei 

el el el 

M el H 

H H H 

0 

a^ 

10 

ro 0\ 
t'- ro 0 

CO 00 00 

t<0 10 'O 

r-N t-- On 

W 0- M 

I-- t>« 

to to 10 

el "i* ON 
ONVO rO 

VO VO VO 

10 m lo 

10 0 P'- 

W ONVO 

VO VO 10 
10 vn >n 

ro 0 CO 

Tp el ON 
vn VO 'p 
tr> 10 VO 

VO VO vo 
w vo ro 

p P P 
vn in 10 

vo 00 On 

M ON W 
p ro ro 
in in vn 

M H On 

VO PO 
ro rO CO 
in in vn 

VO ON ON 

W CJN M 

M H w 

10 vo vo 

M 

H H H 

H H H 

H H H 

H H H 

H H H 

H H H 

H M H 

y-iLH 

H H H 

0 

ro 

0 

H 

0 o> 
«nco 0 

ON CO CO 

000 

ei 10 M 

-i- tx H 
l>VD VO 

000 

0 C^ M 

vnco ro 
m -i- 
000 

VO H CO 

w el VO 
ro ro M 
000 

VO 't' 

H VO H 

M H H 

000 

vo CJN ro 

vO H W 

0 0 (On 

0 0 ON 

CO VO H 
el CO P 

ON CO CO 

ON ON ON 

On CO VO 

CJN 10 W 

W WO 

CJN ON (O' 

0 ON H 

0 M VO 

VO P M 

CJN CJN ON 

H 

H H H 

H H H 

H H H 

H H H 

H H H 

H H 0 

000 

000 

0 b 0 

rn 

On On 00 

H IP) On 

ON ON ON 

T}- Tf- t)- 

»0 M 1-- 

ro t*- 0 

0 0 H 

«o >0 ‘O 

ei 'oco 
'two 

H w n 

10 NO 10 

ON ON ON 
rovo ON 

M ei ei 

VO VO 'O 

CO VO 'i- 
el loco 
ro ro ro 
in vn in 

0 W ro 
w rovO 

P P P 
10 in vo 

CO coco 

CO w ro 

p 10 10 
in 10 in 

ei vO rn 

0 CO rn 
vn 100 
in vo in 

vo 0 00 
woo w 
vO WCO 

10 10 10 

0 

06b 

bob 

b b 0 

000 

b b 0 

0 b 0 

0 b 0 

0 b 0 

bob 

ro 

100 CO 

ON 0 ei 

ro 10 VO 

WCO ON 

0 H ei 

ro P 10 

invo w 

WCO 0 

H rovo 

CO 

ei M e\ 

CO 00 CO 

PI ro ro 

CO CO oo 

ro ro ro 
CO CO CO 

ro ro ro 
CO CO 00 

tP -p -p 

00 CO CO 

p rp p 

CO CO CO 

P P p 
00 CO CO 

p P in 
CO CO CO 

10 m 'O 

CO 00 CO 

o> 

ei VO 0 

10 0 p^ 

't H CO 

VO VO 'p 

▼p rp Tp 

P lOvO 

00 0 ro 

inco P 

0 M CO 

t ^ 

a^ 

t > 

10 ri 0 
a« 0 ON 

1-. 1 

t-i. 10 Cl 

00 CO CO 

1-. i--, W 

0 CO VO 
CO P*- w 
W W t". 

rO H On 
W WVD 

P- W W 

w m ro 
vO vO VO 

w w w 

H O' W 

VO m 10 
w w w 

in P el 
in in vn 

WWW 

0 CO 10 
vn p p 
WWW 

Cl pvD 

P rO rl 

w w w 

rj 

'O ro 0 

0 r-j CO 

't 0 10 

0 'T On 

H-CO ro 

M tn 

vo M vo 

ON ei ON 

in CO H 

"jO 

CO 

M 

0 w 

CO O' ON 

H H M 

M ri M 

0 ON CJN 

M M M 
tH M M 

ro 'P 't 
CTn ON ON 

W H Kf 

to 10 VO 
On On ON 

M IH M 

M H H 

VO VO W 
On On ON 

H W W 

M W W 

WCO CO 

ON CJN On 

M M M 

H H H 

CO ON On 
On ON On 

H M H 

H H H 

ON 0 0 

ON 0 0 
w ei M 

H H M 

H M P 

000 

M M (M 

H M H 

CO 

r| ro 

O'O 0- 

ri 0 CO 

00 I - w 

CO CO On 

0 ri p 

'O ON rl 

PCO 'O 

rco cn 

P' 

CO 

1 ^ -h rt 
t - 1 1 •. 

fO <0 c/> 

O' 1 - 'O 
'O 'O '0 
uo CO (/j 

ro w CO 
'C 'O 'O 
I/J <0 CO 

'O 't ri 
10 >n 'O 

<J0 c/j r/) 

0 CO 'O 
'O P "P 
c/j cjO CO 

lO) rO M 

p p p 

CO (jO CO 

ON 1 -'O 

fO rO rO 

CO 00 r/D 

p f>J CJN 

rn ro rj 
CO CO 00 

0 CO M 
n t-j M 

00 IVJ CO 

0 

fO 'O 'D 

1 -'O ^p 

n o<‘C' 

ri 1 - n 

'O' 0 P 

t ^ 'O' M 

rl P P 

in vo p 

n el W 

C'' 

ro 

n <o.rj 

ro ro ro 

M -p t ' 
r| n r| 
rP/ ro rO 

0 r| 10 
ro ro rPj 
ro ro ro 

(/:> 0 ro 
ro -t t 
ro ro ro 

10 CO 0 

P P 'O 

ro ro ro 

P 1 -^ 
'O 'O 'O 
ro TT, ro 

O' t-t ro 
too NO 
ro ro CO 

m w M 
vo 'O W 
ro rO ro 

in P r) 
i-cn cj. 

('*’/ rTi rn 

n- 

ro -p -P 

ro H r/D 

VO 0 'O 

0 'OCO 

H P'O 

CO O' C 

0 0 'ON 

o>co P 

M m m 

CO 

ro 

ro 

t-H O- l’^ 

-P 0- -i- 
ro ro rPj 

0 ro >0 
10 10 'O 
ro ro ro 

ro M ro 
>0'0 'O 
ro ro ro 

'O CO 0 
0 'O w 
ro ro ro 

ro VO !-> 
W w w 
ro ro ro 

Oi w p 

1 -CO CO 

cr-i ro ro 

'O CO On 
CO CO 00 
ro cr. ro 

i-t rO I-. 
CJN ON 0 
ro ro ro 

M b' 

0 0 

p p p 

»o 

0 >0 0 

Cl Cl ro 

ir, 0 'O 

ro 0- 0- 

W H M 

0 'O C 
<0 'O NO 

H M M 

'O 0 'O 
0 w 

0 m 0 

CO CO ON 

»o C 'O 
ON 0 0 
t-t M Cl 

0 vo 0 

M M n 

ei el ei 

in 0 0 

n rTt p 
Cl M Cl 

0 'O 0 
in w 0 

Cl M m 



224 ^ 


TJIKRMODYNAMICS 




! Density 

1 Weight per 
i Cubic Foot, 
Pounds. 


Q fO t" 

0 *o O 

I’. I-nCO 

0 '^'(’O 

'O M 0 

00 ON ON 

Cl 

l CO 0 

0 M m 

M Cl 'i- 

'f tn-G 

'G 1 ^ ON 

l-'O 0* 

ci 1 ^ 

'G fO 0 
in M fOi 


0 b O 

0 0 0 

H M M 

H M M 

M H< H 

Cl ei (M 

ro 10 0 
ct 

O 0) 

3 


OO l-O' 

M ro 

-i* ro W 

Cl M m 
'O Cl m 

W M 0 

CO CO 0 

Cl ■O* 1 

. 3 Nro f’i 

fO ‘G Q 

0 'O M 

I'^'O 0 

0 "t Cl 

1 - ro D 
in 'o in 

1-.. ro 'd* 

0 'G 
-f -h ro 

M -}-/5 

‘/D 'O 0* 
Cl H 0 



H M H 

H M H 

bob 

b b b 

bob 

bob 

bob 

3 S' 

WlH 

•h 

c» 

CO *t 

H nr-O 

0 CT'CO 
»n d* '1' 

H Cl 'O 

Cl 'O G 
r/D 1 " i 
-r "t ’’t* 

H 'G d- 
Q 0 H 

0 'O '*1* 
-1- vt* *'1- 

0 0 'O 
ro in 1 ■* 

rO Cl w 

'If 'O O' 

0 cO G 

M 0 0- 

Hj- "t- ro 

T) -O' Cl 

^ n Cl 

■n I • G 
<0 ro 

-t' 

ro 

ro • 

HI • Q 

H rt 

W 

<h 

M W H 

H H M 

W M w 

W H M 

W M M 

W M H 

b b 

Entropy of ' 
the Vapour. 

s 

W |H 

o * 9065 
0*8912 
0*8768 

H M I’x 

ro C I'- 

'O in CO 
CO to fO 

b b b 

to 'Cf* ‘O 
•rf ro ro 

M ON I'H 

ro 1 *• * -- 

b b b 

0 'G Cl 

in 1 - M 
m ro Cl 

IH. l^ 

bob 

IG t 

0 It- 

r^'G 'G 

b b b 

'G t "i ‘O 

Ol M 

-f rl n 

'C G 'G 

0 0 0 

Q 0 

'.5 ■> 

rc’j ro ' 
m “f . 

b b 

^3 

•2* 

•<> 

rO'O «n 

<n ro H 

ON 0 H 
100 0 

Q H ON 
ON'O Cl 

H Cl rn 

0 0 '£) 

10 H ON 
10 I " 
lO'G 
\0 -G 'O 

0 *t cr*) 
i/J l-'G 

1 -i'O 'O' 

'G G ’G 

1/; '/3 'O 
-O’ r| 0 

0 M Cl 

1 - 1 ^ 1 ^ 

O' C| 1 , 

Q 

cn n* G 

t « 1 , t HI 

0 

1 <. 

O' • • 

1 * i • 

M’S 


bob 

b b 0 

boo 

0 b b 

bob 

0 0 0 

b 

Heat 

univalent 

External 

Work. 


-t* 

00 

0 

-h 

CO 

0 0 

ro 

CO CO 

CO 

Cl 

'O 

Cl HI 

M 0 

t/J '■rj 

>n 1 H in 

1 .. 1 H l H 

in 0 0 

cn ci 0 

l H. G 

W "o 









Heat 

quivalent 

Internal 

Work. 

•S 

hH 

0 

t O' ri 

H 0 0 

1-- 1-- 

O' d* M 

m O' CO 
ON'O ‘O 
'O 0 'O 

ON Cl m 

0 'ni-o 

1 O' d- 
'G -G 'O 

0 O' Cl 
to i-'b 

ro r| M 

'G G 'G 

i/*j I'-'O 

lb b' 0 

c. O' O' 
z< in m, 

G rO'/j 

ro 1 * M 

1 , ir, Hl- 

ir, in in 

0 r^O 

in Aj 0 

tO. (H 

HTfH 

Wo ] 

w 

t 

CO 10 0 

in '+’ Cl 

wco 1-0 

1- -1- O' 

O-'/i O' 

G 'AJ 1 - 

0 0 C' 

Total 

Heat 

•2 

M 

H oj n 

0 0 Q 

Cl Cl Cl 

M M M 

c| Cl Cl 

000 

Cl ri n 

H Hi M 

M 0 O' 

0 0 O' 

Cl rl i_i 

(O 1 'Cl 

O' O' O' 

-t- CJ Hi 

3 ' 7 ' O' 

1 . CO b' 

'r> 'O i - 

1 H /;i M 

'G cn ri 

Hi M O' 

..i 

o tj 


d- 'O <n 

'O a- -t* 

0 CO'O 

O' fO 

Hi •*!- fl 

't t • G 

'*■ *' 1 '' 




Cl CO 1 • 
'O t ' G 

1 - 1 - 1 > 

in ro Hi 

10 d- cn 

1 « 1 - 1 





(Tj .H 

iSa 

W 

M -T 1 - 

0 0‘'0 

f/J 1 1 

r( G C> 

1 .. 1 , 1 , 

'*•. /l 1 . 

CGc:' 

G /> 
ir, -r 

’d 

Uh .?( 

0 d 


0 M 

0 'O'/j 

'G M 0 

</j M O' 

ro iCj ro 

r| ,-i ro 

, , G 

Sw 

w~ 

0 ro 'O 

0 0 m 

*1- d- *1* 

Cl lO *1* 
n C| ro 
d* O” -t* 

'G' 'O '/•-) 

-t- in 0 
d* * 1 * 'T 

1 - 1 » in 

1 -'O O' 

rl- 

* 1 - Cl :■ 

"1 M r t 

in in ic, 

ir, I. r| 

-1- 

in If ( iTi 

1 • HI 
?■ iCj rj 

d 


ON O' 'O 

(O 1 - in 

ri rl in 

Cl -t* HI 

iC) in CO 

? : 

d- " cn 

a3fe 

H a 


d- M 00 

n ro ro 
*1* d* 't 

-t* 0 'G 
d- in m 
'i* 0 - o* 

1 1 - G 

'G I'-’/J 
't- -t' d" 

ir, ro HI 

O' '0 Hi 
-rf in in 

' n ir'i c 1 

Hi r 1 ro 
ir, in iC) 

-t C 1 ’ 
't If* C' 
ir, ir, ii'i 

' G' 'A, G 

1 ■* 1 ro "1 
•h G (■- 

fc'S 









Ilii 


in 0 'o 

ri in t '• 
ro cn fO 

0 m 0 

0 Cl in 
' 1 - d- 0 * 

000 

0 *n 0 

in ‘CO 

0 0 0 

in 0 'n 
'G 1 1 ' 

I”' 'C' 

Cl ir* 

'Xi '/J O' 

C' M C| 

0 0 0 
0 0 0 

m 0 cj 

M Cl ro 


I'ABLK OF THF I'HKRMODYNAMIC 

PROPER'rll^s OF supf:rhf:ai'i<:i:) 

STEAM 




TABLE OF THE THERMODYNAMIC 
PROPERTIES OF THE SATURATED 
VAPOUR OF AMMONIA 



fj ' 


77 






I 



Arir'JLiiiJU XU JiJNUlJNJtiKKlNG 
SATURATED AMMONIA : ABSOLUTE PRESSURE TABLE.* 




VdIuiuc', 

vajjour. 


Total 

Heat content. 

Latent 

heat. 

B.Th.U. 

Entropy. 


IIT 

!:. 

Ttnnp. 

"F. 

vapour. 

Liquid. 

B.Th.U. 

Vapour, 

B.Th.U. 

Liquid. 

B.Th.U. 

Evap. 

B.Th.U. 

Vapour. 

B.Th.U. 

Pressure 

[abs.).^ 

per lb. 

per lb. 

per lb. 

per lb. ®F. 

per lb. °F. 

per lb. “F, 

lbs. /in.® 


t 

V,r 

i/V,r 

IjtQ 

la 

L 

* f*-k 

L/T 

<}>a 

P 

0 

-63 ‘ll 

49-31 

0*02029 

- 24*5 

588*3 

612 *8 

- 0*0599 

1*5456 

1*4857 

5 0 

5 

— 60 '27 

45-11 

0 -02217 

- 21*5 

589-5 

611 *0 

-0*0524 

1*5301 

I -4777 

5 -5 

C) 

- 57 -64 

41 -59 

0 *024105 

— 18 *7 

590*6 

609 -3 

- 0*0455 

1-5158 

1*4703 

6*0 

5 

-55 '18 

3^^-50 

0 *02591 

— 16*1 

591-6 

607 *7 

—0*0390 

1 *5026 

I *4636 

6*5 

t) 

-52 *88 

36 -01 

0 *02777 

- 13*7 

592-5 

606 -2 

— 0 *0330 

I -4904 

I *4574 

7-0 

5 

- 5 ()- 7 () 

33-77 

0*02962 

-II -3 

593-4 

604 *7 

— 0 *0274 

I *4790 

1*4516 

7*6 

C) 

— 48 ‘(>4 

31 -79 

0 *031416 

- 9-2 

594-2 

603 *4 

— 0 *0221 

1*4683 

I -4462 

8*0 

5 

— /j6 ’ Ch ) 

30-04 

0*03329 

- 7*1 

595-0 

602 *1 

— 0 *0171 

1*4582 

I *4411 

8*5 

0 

-44 -83 

28 -.j 8 

0 *03511 

- 5-1 

595 -7 

600 -8 

— 0 *0123 

I *4486 

1*4363 

9*0 

5 

-43 •05 

27 -oB 

0 *03693 

- 3*2 

596-4 

599-6 

— 0 *0077 

1*4396 

1*4319 

9*5 

0 

-^l '34 

25 -81 

0 *03874 

- 1*4 

597-1 

598*5 

-0*0034 

I -4310 

I *4276 

10*0 

5 

-3071 

24 ’66 

0 *04055 

-I- 0*3 

597-7 

597-4 

-1-0 *0007 

I *4228 

1*4235 

10*5 

0 

-38*14 

23 'Oi 

0 *04235 

2 *0 

508-3 

596*3 

0 *0047 

1*4149 

I *4196 

11*0 

5 

-36 *62 

22 -65 

0 * 04 j/j I/| 

3-6 

598*9 

595 -3 

0 *0085 

I -4074 

I -4159 

11*5 

0 

-35 *16 

21-77 

0-041593 

5-1 

599-4 

594 -3 

0 *0122 

I *4002 

1*4124 

12 *0 

5 

■^ 33 ' 7 ^ 

20 '() C ) 

0 -0^772 

6-7 

600*0 

593 -3 

0*0157 

I *3933 

I *4090 

13-6 

o 

-32 *37 

20 -20 

0 *o/|()5o 

8*1 

600 *5 

592 -4 

0 *0191 

1*3866 

I *4057 

13 *0 

5 

-31 m )5 

19-50 

0 *05128 

9-6 

601 *0 

591 -4 

0 *0225 

I *3801 

I *4026 

13*5 

0 


18-85 

0 *05305 

10 *9 

601 *4 

590*5 

0*0257 

1*3739 

1*3996 

14 *0 

5 

- 28 * 5 i 

18 -24 

0 *05482 

12 *2 

601 *9 

589-7 

0 *0288 

I *3679 

1*3967 

14*5 

0 

- 27*29 

z 7‘67 

0*05658 

13-6 

602 *4 

588*8 

0 *0318 

I *3620 

1*3938 

16*0 

5 

•-26*11 

I ? -14 

0*05834 

14*8 

602 -8 

588 *0 

0*0347 

1-3564 

i' 39 ii 

15*5 

0 

“-2.j •()$ 

1 6 • 64 

0*06010 

16 *0 

603 -2 

587-2 

0*0375 

1*3510 

1-3885 

16 -0 

5 

-23 ’83 

16-17 

0 *06186 

17 *2 

603 *6 

586 *4 

0*0403 

I *3456 

1-3859 

: 16*5 

0 

-22 -73 

15 -72 

0*06361 

18 *4 

604 • 0 

585 -6 

0*0430 

I *3405 

1*3835 

17-0 

6 

— 21 *66 

15 -30 

0-06535 

19*6 

604-4 i 

5841 *8 

0 *0456 

^•3354 

1*3810 

17*6 

0 

— 20 -61 

1.1 -90 

0-06710 

20 “7 

604-8 

584-1 

0 *0482 

I *3305 

1*3787 

18 -0 

5 

-19 •59 

i-l -53 

0 *c)688/( 

21 -8 

605 * I 

583*3 

0*0507 i 

1 .3258 

1*3765 

18.5 

o 

--18-58 

I.j -17 

0 -07058 

22 *9 

605-5 

582 *6 

0*0531 

1-3211 

I *3742 

19 *0 

5 

- 1 7 •<)() 

13 -83 

0-07232 

23-9 

605-8 

581 -9 

0*0555 1 

I *3166 

I .3721 

19*5 

0 

■ I 6 - 9.1 

13-50 

0 -07.105 

25 -o 

606 -2 

581 *2 

0*0578 

I -3122 

I *3700 

20 0 

5 

-15 -70 

I 3 -20 

0 -07578 

26 -o 

606-5 

580 -5 

0*0601 

I -3078 

I *3679 

20 *5 

() 

--i.j -78 

I 2 *90 

0 -07751 

27-0 

606 -8 

579-8 

0 -0623 

I -3036 

1-3659 

21*0 

.‘i 

-13-87 

I 2 -92 

0 -0792.1 

27 *<) 

607*1 

579 -2 

0 -06.1 5 

I -2995 

I -3640 

21 *5 

o 

- 1 2 -98 

12 -35 

0 -oHofjO 

28-9 

607 - 4 | 

57«-5 

0 -0C66 

I ‘2955 

I -3621 

22 *0 

5 

12-11 

I 2 ■ 0<) 

0 -08268 

2() -8 

607-7 

577-9 

0 -0687 

I -2915 

I •3602 

22-6 

0 

-n -25 

11 -85 

0 -08.1 .|o 

30 -8 

()()8 - I 

577-3 

0 *0708 

I -2876 

1*3584 

23 *0 

5 

-10*^1 

I I *61 

0 -o8(>I2 

31 -7 

608-3 

576 -6 

0 -0728 

1 -2838 

1-3566 

23*5 

0 

- 9 *58 

11-39 

0 -08783 

32 -6 

608 -6 

576 *0 

0 - 07.1 8 

I -2801 

I -354 9 

24 -0 

S 

- 8-76 

ir -17 

0 -08955 

33-5 

608 *9 

575 *4 

0 -0768 

1*2764 

1*3532 

24*5 

0 

- 7-()6 

10 -()6 

0 *09126 

3*1 ‘3 

609 * I 

57-1 -8 

0 -0787 

I -2728 

I *3515 

25 0 


• 7-17 

10 -76 

0 -09297 

35 -2 

609 -4 

574 | -2 

0 -0805 

1 -2693 

1-3498 

25 -5 


<) * ^9 

10 - 50 

0 -09.168 

36-0 

609 *7 

573 -7 

0 *0H24l 

I -2658 

1-3482 

26 ‘0 


■ 5 ‘'M 

10-38 

0 -096 38 

36-8 

609 -9 

573 - I 

0 -08.12 

I -2625 

1-3467 

26*5 

:) 

^ ^1 -87 

10 “20 

0 -oijBoO 

37-7 

610 -2 

572 *5 

0 -0860 

I *2591 

I -3451 

27-0 

6 

- r I -i 

10 -02 

0 -o()(j79 

38-^1 

610 -41 

572 *0 

0 *0878 

I -2558 

I -3436 

27*6 

,j 

- :r-i‘> 

<) -85 1 

, 0-1015 

39*3 

610 -7 

57 r -^1 

0 -0895 

I -2526 

I -3421 

28-0 

5 

- 2-()8 

() -6()i 

0 - 1032 

/jO -0 

610 -9 

570 -9 

0 -0912 

I -2494 

I *3406 

28-5 

) 

- I ■<)7 

_ T .A*? 

9 • 53-1 

0 -lo.i 9 

.10-8 

A r .n 

6II -I 

4 ; T T . ( 

570 *3 

e- An . « 

0 *0929 

I -2463 

I *3392 

r . ^ 

29*0 
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'AH HAT I'.n AMMONIA; absolute PEESSURE TABLE.* 


Tump. 


■(>,VT 3 : 
60 *2 Jr 

■5.V1H 

■.«i 2 -HH 


5 ‘)' 7 n 

•M-Hi 
TJ ‘‘‘.S 


‘ 11 '.'M 

'V}' 7 i 

> ‘(12 


iV 7 .| 

i-’. ■ 17 

11 -ns 


- 27'20 

4f> • J r 

-05 
-I*! ‘ 7 i 


^ I Of) 
.!(i -Ol 
1 n ■ ‘,0 
IM s.S 
I 7 ’fid 


Ifi fi,] 


I'H 


Viilumu 

vapiHir. 

n.’Vll). 


V,r 


‘ 10*31 

/ 15 'II 

‘tXMO 

3 H -50 

3O *01 


3 . 1*77 
31 *70 
30 * 0.1 
2 Hh|H 
•47 -oH 


23 -Hr 

2 ;| Tjf) 
^3 •<»! 
22 -(i.*! 

2177 


2 t) •<)() 
2 t ) • .» d 
I ij ’ lid 

iH-H 5 


17*07 

I 7 *i.| 

i() '(».( 

• 17 

I.‘i-72 


13 ' P) 

I.f ’(JO 

l | '.‘i 1 
11-17 
t p ,s { 


I p Sd 
I P2d 
12 -ijd 
I • (>.; 


I ’ • r. 


1 Junsity 
vaixmi*. 


i/V.r 


0 *02020 
0*02217 
0 *02/105 
O *02501 

0*02777 


o *02902 
O *03136 
0-03320 
0-03511 
o •03(103 


0*0387,1 
0 *0,1055 

0*0.1235 

o*o.|.|i 3 

0*0.1503 


o- 0*1774 

d Ml.pJSd 

0*05128 
o *05305 
o * 05,182 


0 *05658 
0*0583,1, 
O *06010 
o *06186 
o *(8)301 


o *06535 
o *0(1710 
o ■o()88.) 
o *07058 
0*07232 


o *07*105 
o *07575 
o ■d >75 I 
o *07').!. I 
o -diSdip) 


I ■* It , I 01} d • dH.;(iH 

I ( ' 2') 1 II ‘0, ; II •d.S.j ,|() 

l'» '-I J I » ( •('! j “ *o 5 (h 

0 *58 n • pH o -08753 

r I * 1 7 <) *08055 


8 • 7 f J 


7 ’1)0 

7 I 7 

f. • 

■l 

■I *'*7 


o*<)(> O*O 0 l 2 () 

t) ■ yi> o •o(} 2 <i 7 

o • ',() o -dij.ifiH 

" p8 ! O'dpfipS 
• dtpSdi) 


I -H 

1 -10 


Id ■ d ,* 

0 '85 , 
() (lOI 


O •(M)Ij7i; 
o ■ I d 1 5 

o • I o p; 


Total 
Heat coiiteiU'. 


Ufiuid. 
per lb. 


I//tf 


“ 24*5 
*-21 *5 
-i8*7 

" 1 6 • I 

-13*7 


-XI *3 
■* 0*2 
- 7*1 
- 5*1 
■ 3*2 


" 1*4 
!■ 0*3 
2 *0 
3*6 
5*1 


(.•7 
8*1 
c) *6 
10 *0 
12 *2 


13 *6 

14 *8 
16 *0 
17*2 
18*4 


. 1 .1 d • I d.iii 


1 () * 6 
20 '7 
21 *8 

22 *0 

23 *0 


25 •() 
2 () •{) 
■27*0 
27*<) 
28. p 


■2«J *8 
p> - 8 

31 *7 

32 *() 

33*5 


3-1 *3 
35 *2 
3 () *0 
38*8 
37-7 


38-4 
30 * 1 

.|o •() 


per Ib. 
Iir 


589*5 

590*6 

591 *6 

592*5 


593*4 

594*2 

595*0 

595*7 

596*4 


597*1 
597*7 
508*3 
598*0 
500 •/! 


600 -o 

600 *5 

601 -0 
601 *4 
601 *9 


602 *4 

602 • 8 
603*2 

603 *6 

604 *0 


60,1 *4 

604 *8 

605 * I 
605 *5 
605 *8 


606-2 
() 0 () -5 

()d ()-8 

()o7 -r 
(> 07 ., I 


()o 7-7 
()o8 • I 
(> 08 -3 
()o8 -6 
60 H -9 


6o() - 1 
()O 0 *4 
()()0 *7 
()O 0 *0 
()IO *2 


() 10 *,1 
()Xo *7 
()IO •() 




Latent 

Entropy. 


heat. 

. B.Th.U. 
per lb. 

L 

Liquid, 
B.TI 1 .U. 
per lb. "F. 

Evap. 

B.Th.U. 

per lb. "F 
L/T 

Vapour. 

B.Th.U. 

, per lb. ®F 

<f»a 

Pressure 

(abs.). 

Ibs./in.® 

P 

612 *8 
61 1 *0 
609 *3 
607*7 
606 *2 

-0*0599 

- 0*0524 

-0-0455 

- 0*0390 

- 0*0330 

1-5456 

1*5301 

1*5158 

I *5026 

X *4904 

1-4857 

I .4777 
I *4703 

1*4636 

1-^1574 

6*0 

6-0 

6*5 

7*0 

604 *7 
C 03 -4 

602 * I 

600 * 8 
599-6 

—0 *0274 
- 0*0221 
“' 0*0171 
~o *0123 
“• 0*0077 

1*4790 

1*4683 

1*4582 

I *4486 

I *4396 

1*4516 

I *4462 

I •4411 

1*4363 

1 * 43 x 9 

7*5 

8*0 

8*5 

9*0 

9-5 

598*5 

597*4 

596*3 

595*3 

594*3 

- 0*0034 
To *0007 

0 *0047 

0 *0085 

0*0132 

r *4310 

I *4228 

I *4149 

I *4074 

I *4002 

r *4276 
1*^235 

I * 4 x 96 
T-4r59 

I *4124 

10*0 
10*5 
ri *0 
11*5 
12*0 

593*3 
592 *4 
591 *4 

590*5 

589-7 

0*0157 

0 *0191 

0 *0225 
0*0257 

0 *0288 

1-3933 

1*3866 

X *3801 
1*3739 
1.3679 

I *4090 

I *4057 

I *4026 

I *3996 
1*3967 

12*6 

13 -o 
X3-5 

14 *0 
X4*5 

588-8 
588 *0 
587*2 
586*4 
585*6 

0 *0318 

0*0347 

0*0375 

0 *0403 

0 *0430 

I *3620 

1-3564 

1*35X0 

^• 3^56 

1*3405 

1*3938 

I *3911 
1*3885 

I *3859 

I -3835 

15*0 

X5-5 

16 'O 

i 6*5 

17*0 

584*8 

584*1 

583*3 

582 *6 
5«i*9 

0 *0456 

0 *0482 

0 *0507 
0*0531 
0*0555 

^•3354 

1*3305 

1*3258 

X *3211 

I * 3 x 66 

I * 38 x 0 

I *3787 

X -3765 

X *3742 

I -3721 

17*6 

18 *0 
i8*5 

X 9 ‘0 

19*5 

581 '2 
580*5 

570-8 

.S70‘2 

.‘178 -5 

0 *0578 

0 *0601 

0 *0623 

0 *0645 

0 * 06(16 

X *3122 
^ *3078 

I *3036 

I *2 9(^5 

X *2955 

I *3700 

I *3679 

I *3659 

I *3640 

I *3621 

20*0 

20*5 

21 *0 

2X *5 

22 *0 

.‘177-0 
.577-3 
576 •() 
576*0 

575*4 

0*0687 

0 *0708 

0 *0728 

0 *0748 

0 *0768 

1 *2015 

I *2876 

I *2838 

I *2801 

I *2764 

I *3602 
x*3584 

I *3566 
1-3549 
x-3532 

22*6 

23 *0 

23 -5 

24 *0 
24*5 

574*8 
574 *2 
573*7 
573-1 
572 -5 

0 •f )787 

0 *0805 

0 *0824 

0 *0842 

0 *0860 

I *2728 

I *2693 

I *2658 

I *2625 
x*259x 

X-35I5 

1*3498 

1-3482 

1-3467 

I-345I 

25*0 

25*5 

26 *0 
26.5 

27 ’0 

572 -o 
571 *4 

570 -0 

0*0878 

0 •o 8()5 

0 *0912 

r *2558 
1*2526 

I *2494 

I -3436 

X *3421 

I *3406 

27*6 

28 *0 

28.5 
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Iloat coutcnt, 


T(uiii). 

Volume 

vufiuur. 

Dtmsity 

Viipimr. 

Liquid. 

Vapour. 




H.Th.U, 
jier 11), 

B.Th.U. 
per lb. 

t 


V,r 

UVa 


la 


3 


0 

‘2736 

91*7 

824. • 0 


3 

•612 

0 

•2769 

92 '4 

624-1 


3 

M 7 i) 

0 

•2801 

93 * I 

624*3 

4 6 *28 

3 

M28 

0 

'2834 

03 ' 8 

824*4 

^j(>* 8 d 

3 

*488 

0 

•2807 

94 -5 

624*6 


3 

M'l') 

0 

•2800 

95 * I 

624*7 

<j8 • It 

3 

MU 

0 

‘3932 

95-8 

624*8 


3 

•373 

0 

•2984 

98 m 

625*0 


3 

•337 

t) 

•2997 

97 ‘2 

625 • I 

‘tyHt; 

3 

*3ot 

0 

‘3030 

97'8 

625*2 

50 -.17 

3 


0 

• 3062 

98-4 

825*3 


3 

'23T 

0 

’ 3 t) 9.1 

90*1 

825*5 

.11 Mu 

3 

‘ I<)8 

0 

'3137 

99*8 

62 1 • 6 


3 

• 165 

0 

• 3 U>() 

loo-.( 

825*7 


3 

•132 

0 

‘3102 

lOI -o 

625*8 

1,P u 

3 

• HU 

0 

‘3225 

1 0 1 • 6 

625*9 

s i-H; 

3 

• 070 

0 

•3238 

102*3 

626*1 

■i-l'-ia 

3 

•<> 3 ‘) 

0 

• 32 ';() 

102- 9 

626*2 

1-1 '‘r/ 

3 

•oto 

0 

‘3323 

103*5 

626*3 

1.1MI 

a 

' 980 

0 

* 33 . 1.1 

104-1 

626*4 

.VI -05 

3 

' 9.12 

0 

■33H8 

104-7 

626*5 

17' 1 1 

3 

' 8t)6 

O' 

‘3453 

105*9 

626*7 

.18 ■ lO 

2 

8 - 1.3 

()■ 

' 35 i« 

107-1 

626*9 

,S')’ ID 

2 

791 

0* 

■3583 

108*3 

627* I 

fio • J I 


731 

()• 

3 <M 8 

109-4 

627*3 

<>I u 1 

2 

9 t >3 

{)• 

3713 

110*5 

827*5 

• 20 

2 

L .|7 

0- 

3778 

II I *7 

627*7 

6 I* 17 

2 

(»U2 

o- 

38.13 

112*8 

627*9 

fL| • I i 

2 


(>• 

3909 

113*9 

628*1 

o-,m)8 

2 

117 

()• 

3 <;M 

114*9 

628*2 

(.f)’ 1)2 

2 

.( 7 () 

()• 

•l‘> 3 ‘; 

1 1 f) • 0 

628*4 

riO- o.| 

2 

•1 <7 

0 • 

.1103 

117*1 

628*6 

fi7‘ Hfj 

2 

j 

0 • 

.| i()<) 

Ii8 - 1 

028*7 

f.M • y(> 

2 

ir.2 ' 

( 1 • 

.|2M 

J 19 * I 

628*9 

t)>} • ()', 

- 

\.u> 

<> ' 

•l-pp; 

I 2 ()* I 

(>29*0 

7 '»‘ l.i 

2 

201 

()■ 

•1 $0.| 

I 2 I * I 

629*2 

71 '.lo 

2 

218 

0 • 


122*1 

629*3 

72'2f) 

2 

22, s 

<)• 

•MO.l 

12 3*1 

629*5 

71 * U 

2 

19.1 

()• 

• 1 . 1.19 

124 *1 

629*6 

7 ro.i 

2 

I()2 

0 • 

.|()2^ 

125 * I 

629*8 

7 \' 7 ') ‘ 

2 

I i 2 

0 • 

V> 9 f) 

126*0 

829*9 

7 \ • f' I 


uy\ . 

0- 

-1715 

126*9 

630*0 

*/(.•. 1 2 

2 

<' 7 ‘> , 

0 ■ 

.) 820 

127*9 

630*2 

77 ' 


"17 

0 • 

•18H.S 

128*8 

830*3 

78 ‘O.} 

'• 


1) • 

•1011 j 

I 29‘7 

630*4 

78-81 1 

I • 

'PM ; 

0 • 

SoiO 1 

I 30- 6 

830 M 


Latent 

heat. 

B.mu. 

per lb, 
L 

Entropy. 

Pressure 

(abs.). 

iDS./in,^ 

P 

Liquid. 
B.Th.U. 
per lb. “F. 

»/)//(? 

Evap. 
B.Th.U. 
per lb. ®F, 

L/T 

Vapour. 

B.Th.U. 

, per lb. “F. 

532*3 

0*1982 

1-0563 

1*2545 

80 

531-7 

0*1996 

1-0538 

x -2534 

81 

531*2 

0*2010 

1*0514 

1-2524 

82 

530 ‘6 

0*2024 

I * 0490 

1*2514 

83 

530*1 

0*2037 

1*0467 

1-2504 

84 

529*6 

0*2051 

1*0443 

1*2494 

85 

529*0 

0*2064 

1*0420 

1*2484 

86 

528*5 

0*2077 

1*0397 

1*2474 

87 

527-9 

0*2090 

1*0375 

I • 2465 

88 

527-4 

0*2103 

1*0352 

1-2455 

89 

526*9 

0*2115 

1*0330 

1*2445 

90 

536*4 

0*2128 

1*0308 

1-2436 

9 X 

525*8 

0*2141 

1*0286 

1*2427 

92 

525*3 

0*2153 

1*0265 

1-2418 

93 

524*8 

0*2165 

1*0243 

1-2408 

94 

524*3 

0*2177 

1*0222 

1*2399 

95 

523*8 

0*2190 

1*0201 

1*2391 

96 

523*3 

0*2201 

i*oi8r 

1*2382 

97 

522*8 

0*2213 

i*oi6o 

1-2373 

98 

522*3 

0*2225 

1*0140 

1-2365 

99 

521*8 

0*2237 

I-OIIQ 

1*2356 

100 

520-8 

0*2260 

I • 0079 

1*2339 

102 

519*8 

0*2282 

1*0041 

1-2323 

104 

518*8 

0*2305 

1*0002 

1*2307 

106 

5 X 7*9 

0*2327 

0*9964 

1*2291 

108 

517-0 

0-2348 

0*9927 

1*2275 

110 

516*0 

0*2369 

0 • 9890 

1*2259 

II 2 

515*1 

0*2390 

0*9854 

1*2244 

XI4 

514*2 

0*2411 

0*9819 

1*2230 

II6 

5x3-3 

0*2431 

0*9784 

1*2213 

II8 

5x2*4 

0*2452 

0*9749 

1*2201 

120 

511*5 

0*2471 

0*9715 

r *2186 

122 

510* 6 

0*2491 

0*9682 

1 - 2 X 73 

124 

509*8 

0*25x0 

0*9649 

i' 2 i 59 

126 

508 * 9 

0*2529 

0*9616 

I- 2 I 45 

128 

508*1 

0*2548 

0*9584 

1*2132 

130 

507 ■ 2 

0*2567 

0*9552 

1*2119 

132 

506*4 

0*2585 

0*9521 

I • 2106 

134 

505*5 

0*2603 

0*9490 

1*2093 

136 

50‘1 • 7 

0*2621 

0*9460 

I ■ 2081 

138 

503*9 

0*2638 

0*9430 

1*2068 

140 

503 * X 

0*2656 

0*9400 

1*2056 

142 

502 • 3 

0*2673 

0*9371 

1*2044 

144 

501*5 

0*2690 

0*9342 

1*2032 

146 

500*7 

0*2707 

0-9313 

I ■ 2020 

148 

• 199*9 

0*2724 

0*9283 

1*2009 

160 




APPLIED TO en(;inp:kkin(; 

a'URATKJ^ AMMONIA: ABSOLUTIC .RKUSStl'KIC TAHBIC CimttmuuL 


Tdtul 

II('aL <’onl(Mil, 


Temp. 

“F. 

Volume 

vapoiu*. 

ft.Vll*. 

Density 

vapour. 

ll)s./rt.« 

Liijuul. 
B.Tli.U. 
per 11 ). 

Vai»>ur. 
H.Th.U. 
per 11 ). 

i 


V^r 

i/V.r 

I//1/ 

h ( 

78*81 

I 

•994 

0 

5016 

X30 

6 

63 t )*5 

70 *Co 

I 

068 

0 

5081 

131 

5 

(>30 -6 

80 *37 

I 

9^13 

t) 

5 i‘l 7 

132 

•1 

630*7 

81*13 

I 

919 

0 

5212 

133 

3 

630 -f) 

81*89 

I 

H95 

0 

5377 

134 

2 

63X •<) 

83 * ^>4 

I 

872 

0 

53^13 

T 35 

0 

63 1 * I 

« 3-39 

I 

8/|9 

0 

5^08 

135 

9 

631-2 

84*12 

I 

827 

0 

5-173 

I 3 (> 

8 

631*3 

84-85 

I 

805 

0 

5539 

137 

6 

631*4 

85-57 

I 

78.1 

0 

5604 

13H 

'1 

631*5 

86*20 

I 

76.1, 

0 

5670 

139 

3 

() 3 I *6 

87*00 

I 

7-14 

u 

5735 

T.|0 

I 

631-7 

87*71 

I 

•724 

0 

5801 

140 

9 

631-7 

88 ’^lo 

I 

•705 

0 

5866 

r.li 

7 

631 -8 

89-10 

I 

•686 

0 

•5933 

1.12 

5 

631*9 

89-78 

I 

•667 

0 

•599H 

I-I 3 

•3 

632 •() 


I 

•6.10 

{) 

•6063 

14 ,| 

I 

633 *i 

91 -14 

I 

•632 

0 

•6120 

i.\.\ 

K 

633*1 

or - Ho 

I 

•61.-1 

0 

•6 1. ,5 

I-I 5 

•6 

632-2 

93 M 7 

I 

*597 

0 

•62()I 

i.|f) 

•1 

633-3 

93*13 

I 

•581 

0 

•6326 

i .|7 

2 

633*4 

93*78 

I 

•56.1 

{) 

• 63()2 

i .|7 

<) 

1 6 12-4 

94-43 

I 

•598 

0 

* 6.15 8 

i.|8 

7 

1 632*5 

05*07 

I 

•533 

0 

652.1 

I .|9 

5 

632 •(> 

95*71 

I 

*517 

0 

6590 

150 

- 

()32 •() 

of) *34 

I 

*502 

0 

•66 s 6 

150 

*9 

633*7 

07*90 

I 

■^( ()() 

0 

•6821 

153 

•7 

632*8 

99 *'13 

I 

‘-I 3 I 

0 

•()()86 

1 5.1 

•6 

6 13*0 

1 00 • 9.1 

I 

*398 

0 

•7153 

156 

•3 1 

63 1*1 

t02 *<j2 

I 

•367 

0 

*7318 

158 

•0 

633*3 

103 -87 

I 

*336 

0 

• 7 .| 8 .| 

T 59 

•7 

6 13 *3 

105 -30 

I 

•307 

0 

•7050 

l()i 

•■1 

63 1*.1 

106 -71 

I 

•279 

{) 

•7817 

163 

• I 

633*5 

108 -09 

T 

•353 

0 

•798.1 

1 64 

•7 

633*6 

109 - .{(i 

I 

■227 

0 

•8151 

l()() 

*•1 

633*8 

no -Ho 

I 

•202 

0 

•8310 

1 68 

•0 

6 13 *8 

112*12 

I 

*178 

0 

•H.|87 

l6<) 

*5 

611*8 

II 3 -.j 2 

I 

*155 

(» 

•8655 

r 7 i 

■ I 

6H-(i 

ix.t -71 

1 

*133 

C) 

•882.1 

173 

•0 

6 11-0 

115*97 

I 

•112 

0 

*8993 

174 

• I 

63 1*9 

ri7-22 

I 

•091 

0 

•9162 

175 

•1) 

611 ’o 

118-, 15 

I 

■072 

0 

•9313 

177 

• I 

6 1-1 -o 

no •()(> 

I 

•052 

0 

•()502 

178 

•f» 

634 -n 

120*86 

I 

•”3-l 

0 

•9673 

1 80 

•0 ! 

634 •{) 

122 *05 

I 

• 0 1 () 

0 

•98.13 

181 

•5 ' 

63.1 *0 

123 *21 

(} 

• 999 

I 

•0015 

1H2 

•<) 

634 -0 


ICnIntpy, 


Luletil 

lu-iit, 

l.itpud. 


i-'.vap. 

ViUJiiur. 

PreHHiire 

(iUlH.), 

Ibs./in. 

H.Th.U. 

H.'lh.U. 

H.’lh.U. 

H.'lh.U. 

per Ib. 

per lb. !•’. 

pa* lb. '‘F 

per Ib.' l-' 

L 



LIT 

'/'ti 

/» 

.|<)‘r 9 

0-2734 


*9285 

1 • 2000 

160 

. 199 * I 

0-2740 


•9257 

I -1097 

152 

998 ‘a 

0-2756 


•0220 

1*1985 

1.54 

407*6 

0-2773 


•0202 

I -1074 

156 


»)-2788 


*9175 

1-1063 

158 

4 <)(>*I 

0-2804 


•0148 

i - 1953 

100 

- 195*3 

0 -*2820 


•9122 

i -1943 

162 

•(<).l *5 

0-2835 


•t)oo6 

1 -19 U 

164 

.|');r8 

0-2850 


•<)o7o 

I - 1020 

Ib6 

- 193*1 

0 •28()6 


*9044 

I • I'llO 

168 

•193 *3 

0-2881 


•90 10 

I - 1000 

170 

491 *6 

0 *2805 


-Hi )04 

I -iHH)) 

172 

490-8 

0-2910 


• 8o6«) 

l *1870 

174 

4 <) 0 *I 

0*2935 


*8044 

I • 1 8bo 

176 

4H0--1 

0-2939 


•8020 

I ■ iHso 

1 78 

488-7 

0-2054 


•8866 

1 • 1H50 

IBO 

48H-{) 

0 


•8H72 

1-1840 

1H2 

-187*3 

0 -2082 


•88,(8 

I • iM p> 

181 

4 «()•() 

0 • 2096 


•8825 

1-1821 

180 

-185*9 

0*3010 


■H.Soi 

I • 1 8 n 

18H 

-185*3 

0-3024 


■8778 

1 • i8j)2 

100 

•184 *5 

0*3037 


-8755 

I - 1702 

192 

483-8 

0 *3050 


*8711 

1-1781 

I'Jl 

-|8l-i 

o. 3 n ()4 


•87 1 0 

1 -1774 

1 06 

482-4 

0*3077 


•8f»88 

i • 1 705 

108 

481 -8 

0 - 3000 


• 8661 ) 

1 - 1 756 

5J00 

4 80 -I 

0*1122 


•8012 

1 - 1711 

2 0 

• 178-.1 

0*3154 


*8550 

1-1713 

210 

476-8 

0*3185 


•H507 

I • I6t)2 

2 I 5 

- 17 . 5*3 

0 '3211) 


*8455 

1-1671 

220 

• 173*6 

0- 1246 


'8405 

I • I6-, 1 

2 U6 

472-0 

0*3275 


*8156 

I ' 16 ii 

2 p) 

470*4 

0*3 lo.j 


•K107 

I - 161 I 

2 IS 

468-0 

0*3112 


• 8 2 Oo 

1 • 1 502 

i 24 " 1 

- 167 * 1 

0 - 3 360 


■8211 

1 * 1.5/ 1 

2 IS 

-165*8 

o* 1 l8.S 


•JIM - 7 

I - I 't'lS 

250 

464 • 1 

o- Ml 5 


’ .H t 2 I 

I - IS p. 

2 S '1 

462-8 

0*114 1 


• 8 (i 77 

1-1518 

.10" 

461 * 1 

<)• >, |(.M 

1 ‘ 

•8" 1 1 

I - I 51 ) I 

2 0s 

•l.‘io -8 

o- 140 1 


• 7 o 8 o 

I ' J.j8 1 

27 ‘» 

.158 -4 

0 • 3510 

I 

i 

■7047 

1 1-1460 

276 

456 -g 

o* 15 15 


•7on4 

1 *1440 

28" 

'( 55*4 

0 * 356 ') 


*7863 

1 1*14 12 

2 >8 ■ ( 

- 15-1 'o 

0*3504 


•7821 

; I - I (I*. 

2 0‘> [ 

. 153*5 

o-3(.i8 


*77-81 

; 1 • I 100 j 

20s 

*151*1 

o- 

.) 

•7741 ] 

1 • 138 1 i 

1100 


i 


'rABLI<: OF THF THERMODYNAMIC 
PROl'l^lTJ'IKS OF SATURATED 

mp:rcury vapour 





j.muaviUJL>YJNAMICS 239 

APPLIED TO ENGINEERING 

PKOPICHTIICH 01,.' SATURATED MERCURY VAPOUR. (L. A. Sheldon.)* 

(Abridged and altered.) 


I'rcsHurp. 

Um./b.* 

TifDijKTa- 
t UHL 

dcfg, Fuhr. 

Heat of 
I*iq. 
ll.Th.U. 

Heat of 
Vup. 

B.Th.U. 

Total 

Heat. 

B.Th.U. 

Entropy 

ofLiq. 

Entropy 
of Vap, 

Specific Vol, 
cu. ft. 
per pound. 

Density, 
pounds 
per cu. ft. 

/» 

t 

!//(/ 

L 

U 


^ Vcx {> 

v,» 


0*4 


t2-3 

128-2 

140-5 

0*0185 

0-1487 

114*5 

0-008733 


A ' 4 * 

12*5 

127-9 

140-5 

o*oigo 

0-1464 

94-63 

0-01057 

<>'5 

41 5 

3 : 2 *() 

127-9 

140-6 

0*0192 

0-1462 

92-85 

0-01077 

< 1 • l> 

I 

13-0 

127-6 

140-6 

0-0195 

0*1441 

78-23 

0-01278 

i) * / 

43 ,V-t 

13*3 

127-^ 

i-^o-7 

0-0198 

0 * 1/124 

67*70 

0*01477 


•IS ” -4 

I 3 **l 

127 '4 

140-8 

0-0199 

0*1418 

64*64 

0-01547 

0*8 


13*5 

127-2 

140-8 

0-0201 

0*1409 

59-72 

0-01675 

<>•<) 


13*8 

I27-I 

140-9 

0-0203 

0*1395 

53-47 

0-01870 

0 

d 5()*8 


1.26-9 

X41 -0 

0*0205 

0*1385 

49*37 

0-02025 

I ‘O 

*1.58-1 

J 4-1 

126-9 

141 -0 

0-0206 

0*1383 

48-45 

0-02064 

1 • i 


14-2 

126-8 

141 -0 

0*0208 

0*1372 

44*29 

0*02258 

1 ’ 

470-0 

I'd *5 

I 2()-7 

141-1 

0-0210 

0*1362 

40-83 

0*02449 

^ '3 

475*4 

.r.i -7 

I2<)-5 

141*2 

0-0212 

0*1353 

37-88 

0-02640 

isj 

,|Ho-5 

15-8 

I2()-.|. 

T4I -2 

0-0214 

0*1345 

35*37 

0-02827 

I ■ F ) 

.|8.5'I 

15-0 

120-3 

141-3 

0-0215 

0*1337 

33*14 

0-03017 

i • <> 

.j8o*<) 

15*1 

126-2 

i 4 t -3 

0*0217 

0-1330 

31-21 

0-03204 

I ’7 


15 

126-1 

141*3 

0-0219 

0*1323 

29*47 

0-03393 

i *8 

•I'D- 7 

15*3 

I2(>-I 

141-4 

0-0220 

0-1317 

27-94 

0-03579 

t m; 

501-5 

J 5'5 

126-0 

141-5 

0-0221 

0*1311 

26*56 

0*03765 


505*2 

X 5 •() 

125*9 

141-5 

0-0223 

0-1305 

25*32 

0*03949 

.r<> 

535*4 

!()•() 

125-2 

141 -8 

0-0233 

0*1258 

17-34 

0*05767 

•1 •<» 

558*0 

17*4 i 

124-7 

1^2-1 

0-0240 

0*1226 

13-26 

0*07540 


57O * 2 

i8*o 

X 24-3 

1 / 12-3 

0-02/16 

0*1200 

10-77 

0*09281 

<) • n 

. 5 ‘)l - -I 

i8*5 

124-0 

1 * 12-5 

0-0251 

0*1179 

9-096 

0*1099 

/*(> 

(>05 * 0 

1 8 • ( ) 

123-7 

142 -6 

0-0256 

0*1162 

7*883 

0*1269 

8 • 0 

(>i f)<8 

f <)-3 


132-7 

0-0259 

0-1147 

6-963 

0*1436 

() *1) 

(» 27*5 

i (}*7 

123-2 

T/ 12-9 

0-0262 

0-1133 

6-245 

0 *1601 

t ( ) ‘ ( ) 

<M 7-3 

2 0 • 0 

12^-0 

I/ 13-0 

0-0265 

0-1121 

5-661 

0*1766 

r 1 • (j 

(».lO -5 

20 -3 

122-8 

1-13 * I- 

0-0267 

O-IIIO 

5 -i8i 

0-1930 

1 -V 0 


20*0 

12 2 • ( > 

i- 13 *'^ 

0*0270 

0 • IIOO 

4-781 

0*2092 

1 r'> 

002 • 5 

20-8 

122-.^ 

id 3-3 

0*0272 

O-IOQI 

4*439 

0-2253 

t ) -i. 

f )()()*7 

2 1 - I 

122-3 

1 - 13 ’•! 

0-027.1 

0*1083 

4 * 1/14 

0 - 2/113 


(j'/O- .j 

2 1 *3 

122-1 

i- 13 *d 

0-0276 

0*1075 

3*892 

0-2569 

M) ' < 1 

(»8 J, •{( 

-i 1 • .5 

122-0 

1 - 13*5 

0-0278 

0-1067 

3-667 

0-2727 

1 / ■ 1 > 

oSo ■ 

, '7 

I 2 I -8 

i-l 3'5 

0 -0280 

0 - J060 

3*466 

0-2885 

1 .S • » » 

(HJ‘, ■() 

1 2 1 •<) 

121-7 

‘■| 3 '<> 

0 *0282 

0-105.1 

3-288 

0 • 3042 

1 ‘ 

7< K ) • 8 

' 22-1 

121 - 0 

i' 13'7 

0 -0283 

0* 1048 

3-127 

0-3198 

-:<»'() 

yo^j ’ 2 

22 • 2 

1 2 I - 5 

>■ 13-7 

0*0285 

0- 10.12 

2-983 

0 • 335 ^ 

;! I • 0 

/t t *3 

22*.( 

I 2 I -3 

1 - 13*8 

0 -()28(> 

0 • 1036 

2 - 852 

0-3506 

• t ) 

7io*.| 

22 

12 1 - 2 

1 - 13*8 

0*0287 

0-1031 

2 * 733 

0 • 3659 

•M • ' > 

721 - 2 

22-8 

I 2 I • 1 

1 - 13*6 

0-0289 

0-1026 

2 -(>23 

0-3813 


7 .JV 8 

22 •() 

I 21 -O 

1 - 13*6 

0-0290 

()‘I 02 I 

2-522 

0 - 3966 

-■ 1 0 

/ I"'-! 

23 *<) 

1 20 -<} 

1 . 13-6 

0-0292 

O-I 0 l 5 

2 -.129 

0-4117 

f . M 

/ u 

2 r 

I 20*8 

i-M *‘’ 

0-0293 

0 -I 0 I 2 

2-342 

0-4270 



i r ,i 

120-8 

'-1-1*' 

0 •02<).| 

{)• IOO<S 

2-262 

0 - 4420 

.H ■ ( 1 

1 

I -,r‘) 

120*7 

I.l .|-2 

0-0295 

0 -1003 

2-187 

0-4572 

.’»)•!) 

7.1 7 M. 

2 r<' 

1 20 • () 

1 

I. 1 . 1-2 

0-0296 

0 • 09992 

2-118 

0-4722 




{ mil tc:.v 

()1 7\ni. Sue. of Mi'cli. 

I'llLr 
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APPLIED TO ENGINEERIN(i 

PROPERTIES OF SATURAl'ED MERCURY VAPOUR— Ct.H/li/iKcrf. 


Pressure. 

lbs./in.» 


30-0 

31*0 

32*0 

33*0 

34*0 

35*0 

36-0 

37*0 

38*0 

39*0 

40*0 

41 ‘O 

42- 0 

43- 0 
44*0 
45*0 
50 - o 

55*0 

60 -o 
65-0 
70-0 
75*0 

80 'O 

85-0 
90-0 
100 -o 
no -o 
120-0 
130-0 
140-0 
150-0 
160-0 
170-0 
I 80 • o 


750-0 

754*7 
758-3 
76r -8 

7 '>S -5 

769 - 0 

772*3 

775*5 

778*6 

781-8 

784-8 

787-8 

790-7 

793*6 

796-5 
799*3 
812-5 
824 - 6 
836 • I 
847-0 
856-6 
866 ♦ o 
874-8 
8 ^ 3*7 
891-0 
906-9 
921 -r 

934 *^ 

946-7 

95^*3 
969*4 
979*9 
98*9 • 9 

999 ' 6 


Tr. 

Heat of 
1 Vap, 

Total 

Heat, 

Kn tropy 

Kutropy 


B.Tli.U. 

H.Th.U. 

of Ii(l. 

of Vap. 

i/fff 

L 

hn 


inuf/> 

23-8 

120-5 

144-3 

0-0297 

0*09955 
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— for steam-turbine, 113 
Grisconi-Russell Company, 114 

Halley formula, 186 

Heat drop, application to gas-turbine cycle, 150 
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Reversion of supersaturat(Hl steam, ,51, ruo 

Saturation curve for steam, BB, y() 

Savery, Bb 

Scaling glands for steam-turbine, 115 
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